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ABSTRACT OF THESIS 
 
 
 
 
DECOMPOSING A WATERSHED’S NITRATE SIGNAL USING SPATIAL 
SAMPLING AND CONTINUOUS SENSOR DATA 
 
 
 Watershed features, physiographic setting, geology, climate, and hydrologic 
processes combine to produce a time-variant nutrient concentration signal at the 
watershed outlet. Anthropogenic influences, such as increased agricultural pressures and 
urbanization, have increased overall nutrient loadings delivered to the fluvial network. 
The impact of such increased nutrient loadings on Kentucky’s drinking water remains a 
potential threat to the region.  
 By coupling spatial sampling of nitrate concentrations in surface water with 
contemporary nutrient and water quality sensor technology, a decomposition of the Upper 
South Elkhorn watershed’s nitrate signal and an estimation of source timing and loading 
in the watershed was completed. The goal of the project was the decomposition of the 
integrated nitrate signal observed at the outlet of the Upper South Elkhorn watershed into 
contributing runoff and groundwater sources from agricultural/pasture and 
urban/suburban land-uses.  
 Decomposing the watershed’s nitrate signal yielded new knowledge learned about 
nitrate source, fate and transport in immature fluviokarst. This thesis discusses how 
mean, seasonal, and fluctuating nitrate behavior is related to soil processes, groundwater 
transfer, streambed removal, and event dynamics. It is expected that the decomposition of 
the nitrate signal will allow for the targeting of both the timing and sources for nutrient 
reductions in a watershed. 
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Chapter 1: Introduction 
1.1 Project Background 
 Surface streams link terrestrial and atmospheric environments with larger rivers 
and receiving water bodies (Koenig et al., 2017). Indeed, streams are the primary 
mechanic of the transportation and transformation of terrestrial inputs of solute and 
particulate pollutants to downstream water bodies (Blaen et al., 2016; Koenig et al., 
2017). Transformations and cycling of nutrients such as nitrate in streams are important 
processes in the overall export magnitudes from watersheds (Mulholland et al., 2009; 
Rode et al., 2016). Fluvial networks play a major role in nutrient removal of nutrients, 
especially nitrogen, and removal rates are influenced by factors such as magnitude of 
delivered loads and residence times (Birgand, et al., 2007). Because of this, any 
fluctuation of nutrient inputs from terrestrial sources, even down to the catchment scale, 
will result in the propagation of consequences to downstream ecosystems (Smith and 
Schindler, 2009). This becomes a particular concern as recent increases in anthropogenic 
influences in global watershed systems has been linked to exceptional increases in 
nitrogen and phosphorus loadings to downstream receiving water bodies (Galloway et al., 
2008; Pellerin et al., 2009; Burns et al., 2016). Human activities have vastly increased 
nutrient inputs to terrestrial and aquatic ecosystems. Agricultural practices, such as 
fertilizer application and animal wastes, have been found to be most correlated with 
increased nitrogen and phosphorus inputs (Puckett 1995; Anderson et al., 2002; Burns et 
al., 2009). Urban sources of anthropogenic nutrient inputs include point sources such as 
sewage and wastewater treatment plant (Howarth et al., 1996) and nonpoint sources such 
as fossil fuel combustion (Anderson et al., 2002).  
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 Increased nutrient loadings, specifically nitrogen and phosphorus loadings, 
delivered to downstream lentic and estuarine/marine ecosystems are the cause for 
significant environmental concerns. Nutrient input into streams is a major cause of 
impairment to rivers and streams in the United States. In fact, more than 42 percent of 
surface water streams in the United States are currently considered impaired due to 
nutrient loadings (Paulsen et al., 2008). Water quality outbreaks, including toxic algal 
blooms, can be caused by increased nutrient loadings to streams, which can damage 
ecosystem and drinking water quality (Smith et al., 2006; Kalcic et al., 2016). 
Anthropogenic nutrient inputs have been linked in several algal blooms in several water 
bodies in the past decade (Michalak et al., 2013; Scavia et al., 2014; Van Metre et al., 
2016). Toxic algal blooms consisting of the species within the taxonomic group “blue-
green” cyanobacteria have become a specific threat to aquatic ecosystems and drinking 
water supply (Heisler et al;., 2008; Erisman et al., 2013). Nitrogen and phosphorus are of 
particular interest when considering the proliferation of downstream algal blooms as both 
phosphorus (Rudek et al., 1991; Fisher et al., 1992; Anderson et al., 2008) and nitrogen 
(Dugdale & Goering 1967; Anderson et al., 2008) have been identified as limiting factors 
of algal production.  
 The increased proliferation of harmful algal blooms due to the increased levels of 
nitrogen and phosphorus loadings to fluvial networks is also linked to the increased 
occurrences of eutrophication in freshwater and coastal marine receiving water bodies 
(Bricker et al., 2008; Kraus et al., 2017). Eutrophication causes extreme ecological 
degradation, and is considered one of the greatest stressors for both freshwater and 
coastal environments (Howarth et al., 2011; McCrackin et al., 2017). Nitrogen and 
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phosphorus have also been linked to the proliferation of coastal hypoxia (Turner et al., 
2006). A hypoxic zone in the Gulf of Mexico, including a “Dead Zone” measuring more 
than 22,000 square kilometers in 2017 (USEPA), has been linked to excess nutrients from 
anthropogenic agricultural sources in the United States Midwest, delivered to the gulf 
through the Mississippi River network (Pellerin et al., 2014). Nutrient enrichment has 
also been linked to potential human health impacts (Brender et al., 2013). Some algal 
blooms are potentially toxic to humans. For example, the cyanobacteria Microcystis 
aeruginosa produces microcystin, which can damage the liver and nervous system of 
humans (Watson et al., 2016; Loftin et al., 2016). Elevated nitrate levels in water can 
result in a variety of human health effects (Pellerin et al., 2016), including birth defects 
and methemoglobinemia in infants (Fan & Steinberg, 1996; Brender et al., 2013). 
 The impact of nutrients on water quality and drinking water systems is a concern 
nationally, internationally, and in Kentucky. Specifically, this research focuses on the 
South Elkhorn system draining to the Kentucky River in the inner bluegrass region of the 
Fayette, Jessamine and Woodford counties. In order to answer some of these questions on 
a local level, it will be important to focus on the nutrient impacts on water supply in the 
Kentucky River.  Based on discussions with a Kentucky River Authority (KRA) Board 
member, sustaining water supply for the almost 1 million people that use the Kentucky 
River as their water source is the most important mission for the KRA. One of Kentucky 
American Water’s primary water distribution intake’s for drinking water in the inner 
bluegrass is located in pool three of the Kentucky River upstream of Lock and Dam #3. 
The Elkhorn Creek joins the Kentucky River on the upstream side of pool three. There 
are concerns that high nutrient loading from the inner bluegrass region could trigger toxic 
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algal blooms in pool three and in turn cause water supply problems for Kentuckians. This 
local concern provides a county-focused motivation to understand and mitigate nutrient 
loadings to local streams in the bluegrass. 
 The newest sensor technology allows for the investigation of nutrients in 
Kentucky streams and rivers. The recent advancement of in-stream water quality and 
nutrient sensor technology over the past decade has vastly increased the ability of 
researchers to study the biogeochemical processes and hydrological  mechanics that 
govern nutrient sources, transformations, and transport in fluvial networks (Rode et al., 
2016; Pellerin et al., 2016; Burns et al 2019). Several approaches and methods used for 
watershed nutrient studies have been newly developed or improved for efficiency and 
accuracy with the implementation of high quality, continuous in-situ sensors (Burns et 
al., 2019). Several studies have been conducted recently in efforts to quantify nutrient 
cycling at various time-scales. Diel nitrate patterns resulting from various in-stream 
removal processes have been studied (Pellerin et al., 2009; Heffernan & Cohen, 2010; 
Burns et al., 2016; Hensley & Cohen, 2016). Long term data streams for nitrate collected 
by these sensor are beginning to become available (Pellerin et al., 2012; Burns et al., 
2016; Rode et al., 2016). Hydrologic event and associated nutrient responses have been 
studied by researchers increasingly through the observation of concentration-discharge 
relationships and characterization of the resulting hysteresis (Carey et al., 2014; Bowes et 
al., 2015; Dupas et al., 2016; Feinson et al., 2016; Lloyd et al., 2016; Blaen et al., 2017; 
Duncan et al., 2017; Koenig et al., 2017; Vaughan et al., 2017; Aguilera & Melack, 2018; 
Fovet et al., 2018; Baker & Showers, 2019; Zimmer et al., 2019). Chemical mass balance 
based hydrograph separation has become increasingly accurate with the  introduction of 
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high resolution data for an increasing number of chemical tracers (Gilbert et al., 2013; 
Kronholm & Capel, 2015; Kronholm & Capel, 2016; Miller et al., 2016; Miller et al., 
2017). Because the source specific hydrologic processes and timing of active end-
member flowpath and spatially dispersed sources that govern nutrient transport within 
and out of watersheds have not been well understood previously, such sensor technology 
has greatly increased the opportunities for researchers to better understand and potentially 
begin to target both the timing and sources for nutrient reductions in a watershed. 
1.2 Research Need 
 Continued proliferation of downstream water quality outbreaks in receiving water 
bodies, including harmful algal blooms which can impact drinking waters, lacustrine and 
estuarine eutrophication, and oceanic hypoxia due to excessive nutrient loadings 
transported from anthropogenic influenced watersheds necessitates continued study of 
nutrient sourcing and transport mechanics. Nutrient export is highly correlated to 
hydrologic characteristics and processes within a watershed (Sherson et al., 2015; Lloyd 
et al., 2016). Storm events have increased capacity for the transport of pollutants, such as 
nutrients, from a watershed to a downstream receiving body (Carey et al., 2014; Sherson 
et al., 2015; Lloyd et al., 2016). This is due to the increased event runoff activating new 
flowpaths and mobilizing previously disconnected source pools of a given constituent. 
Nutrient loadings are additionally highly correlated to land-use (Pellerin et al, 2006). 
Increases in intensive agricultural practices, as well as increased urbanization, has been 
linked to elevated nutrient loadings delivered to stream networks (Puckett 1995; 
Anderson et al., 2002; Burns et al., 2009). It is accepted among researchers and engineers 
that increased anthropogenic nitrogen and phosphorus loadings are the root cause of the 
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proliferation of downstream water quality outbreaks, specifically algal blooms (Paerl & 
Paul, 2012; Statham, 2012). Considering these increased loads and coupling them with 
ongoing climatological changes such as increasing summertime temperatures and 
increasing regional rainfall (Nangia et al., 2010; Baron et al., 2013), it is reasonable to 
assume an ever increasing risk of continued outbreaks. However, the source specific 
hydrologic processes and timing of active end-member flowpath and spatially dispersed 
sources that combine to trigger proliferation of these water quality outbreaks are not well 
understood (Smith et al., 2015, Brooks et al., 2016). 
 Remediation of the impacts of excess nutrient export and source load reduction 
efforts are potentially feasible, but the variety of nutrient sources and spatially dispersed 
non-point legacy stores of nutrients make identification of dominant sources and timing 
of active sources difficult. Applying contemporary nutrient and water quality monitoring 
technology, such as high resolution, continuously monitoring sensors, allow researchers 
to study nutrient loading and timing more efficiently and effectively (Pellerin et al., 
2016). While sensors provide an accurate, high-resolution data stream, the raw-data time-
series alone cannot elucidate the relative contribution of nitrate between event activated 
end-member sources or spatial dispersed sources. Therefore, methods for decomposing 
the continuous nitrate signal from the watershed into its different components and 
contributing sources are necessary. Studying the nature of the event concentration-
discharge dynamics can elucidate the transport mechanics, including source and source 
location within the watershed, dominant flowpaths, and timing of load exports. Spatial 
investigation of watershed features influencing in-stream nutrient signal can elucidate 
signal contribution from various land-use sources. Ultimately, decomposing the 
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integrated nitrate signal at the watershed outlet will allow targeting of both the timing and 
sources for nutrient reductions in a watershed. The research goal was to decompose the 
watershed’s continuous nitrate signal by leveraging high-resolution sensor data, nitrate’s 
spatial distribution data, mathematics, and optimization methods while considering the 
potentially non-conservative nature of source signals over time. 
1.3 Project Objectives 
 The primary objective of this research project was decomposing the integrated 
nitrate signal observed at the outlet of the South Elkhorn to contributing runoff and 
groundwater sources from agricultural/pasture and urban/suburban land-uses. In order to 
complete this primary objective, several specific objectives of the study were identified 
and are listed below: 
1. Perform a review of watershed nutrient processes, including nutrient 
sources, transformations, and transport mechanics, as well as potential 
impacts of increased nutrient loadings from anthropogenic sources. 
2. Perform a review of contemporary nutrient monitoring technology and 
procedures, including continuously operating nutrient and water quality 
sensors, as well as spatial nutrient grab sampling methodologies and 
protocols. 
3. Select relevant watersheds as a focus of the proposed research. 
4. Deploy water quality and nutrient sensors into selected local river systems 
and successfully collect continuous data. 
5. Develop a spatial water quality and nitrate grab sampling method and 
perform the data collection. 
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6. Ensure the production of high-quality temporal sensor data and spatial 
grab sampling data for analysis. 
7. Analyze and decompose spatial data to learn about seasonality, land-use 
dependence, and the streams attenuation of nitrate. 
8. Perform a general analysis of temporal nitrate and additional water quality 
parameter signal compositions. 
9. Select a set of hydrologic events for decomposition analysis based on 
complete available parameter time-series data and observable constituent 
event response dynamics. 
10. Perform a characterization of observed hydrologic events and resulting 
constituent event responses. 
11. Develop and perform a semi-quantitative hysteresis analysis to further 
characterize system event responses and to constrain event signals for the 
decomposition analysis. 
12. Further constrain the decomposition optimization problem by 
implementing a semi-automated calibration of the decomposition problem. 
1.4 Thesis Composition 
 Chapter 1 of this thesis details the project background, including the 
environmental, economic, and societal concerns of increasing nitrate loadings sourced 
from anthropogenic influenced watersheds and the associated research needs motivating 
the development of this project.  
 Chapter 2 of this thesis provides a summary of the conceptualized problem 
statement, developed from the identified research needs and project objectives, as well as 
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a brief introduction to the proposed methodology to be used in approaching the 
conceptual problem. 
 Chapter 3 of this thesis provides a summary of the relevant literature. Included is 
a review of watershed nutrient processes, including nutrient sources, transformations, and 
transport mechanics, as well as potential impacts of increased nutrient loadings from 
anthropogenic sources. A further review of contemporary nutrient monitoring technology 
and data processing and analysis methodology is presented. 
 Chapter 4 of this thesis provides a characterization of the watersheds studied, 
including the physiographic locations of each, associated geologies, land-use and soil 
compositions, and observed hydrologic processes and nutrient transport mechanics. 
 Chapter 5 of this thesis outlines the specific methodologies utilized in the 
conductance of the project, including temporal and spatial data collection standard 
operating procedures, data quality assurance protocols, and subsequent data post-
processing and analysis techniques.  
 Chapter 6 of this thesis summarizes relevant results from the project analysis, 
including an assessment of the data collection procedures, characterizations of the 
temporal and spatial water quality signals and associated processes, and event and spatial 
source signal decomposition results. 
 Chapter 7 of this thesis includes a discussion of the relevant project results. A 
characterization of the study watersheds’ overall water quality and nutrient export 
processes, as well as observed typical event response dynamics are discussed. The 
influence of spatially dispersed watershed features and land-use correlations with 
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observed water quality is also discussed. Finally the results of the temporal event end-
member and spatial land-use source decomposition models are discussed. 
 Chapter 8 of this thesis provides the conclusions of the project and outlines 
further research needs and potential future work on the topic. 
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Chapter 2: Project Definition 
 With the research needs and ultimate goal of decomposing the watershed’s 
integrated nutrient signal into its components in mind, the conceptual method framework 
and project plan was developed. This chapter presents the full project definition and 
outlines the method development implemented in the thesis.  
 The watershed’s nitrate signal integrates a number of continuous biogeochemical 
and hydrological processes active in the fluvial network (see Figure 2.1). For example, 
the nitrate concentration mean value tells the researcher about soluble nitrate applied by 
land users to the soil system and mineralization of legacy nitrogen tied to organic matter; 
the seasonal trend may indicate fertilizer management and hydrologic activity; diel 
variation may indicate in-stream N transformations; and sporadic fluctuations often 
indicate hydrologic storm event dynamics.  Decomposing the nitrate signal temporally 
(Figure 2.2), such as to groundwater and runoff components, may yield additional insight 
to seasonal controls, causes of hysteresis during events, and the non-stationary behavior 
of nitrate from groundwater and runoff sources. In this study, event end-member 
flowpaths have been identified for the study watershed as event activated quickflow 
runoff and a slowflow soil plus groundwater component. Decomposing the nitrate signal 
spatially (Figure 2.3), such as to urbanized areas (developed) or agricultural areas 
(undeveloped) and at different stream sites, may indicate when different spatial zones are 
controlling the watershed’s signal, additional insight to seasonal signal variation due to 
hotspots, and attenuation of nitrate in the stream corridor. To accomplish decomposition, 
an extensive field sampling protocol was designed, including a spatial grab sampling plan 
and a continuous sensor technology at the watershed outlet that were carried out for the 
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2018 water year (i.e., October 1, 2017 to September 30, 2018).  Details of this plan are 
discussed in the methods. 
2.1 Approach for Integrated Temporal Signal Decomposition 
  Decomposing the integrated temporal signal observed at the watershed outlet was 
achieved through a multifaceted data analysis approach utilizing several data processing 
techniques. The general signal composition outlined in Figure 2.1 was first analyzed 
using various data post-processing techniques to characterize watershed hydrologic and 
nutrient export processes across a spectrum of flow conditions, and to characterize 
hydrologic event dynamics and associated nutrient responses. The integrated nutrient 
concentration signal is made up of several components identified in Figure 2.1. The 
average concentration of the signal is determined by an integration of factors inherent to 
the watershed, including watershed physiography, geology, land-use, and hydrologic 
connectivity. Seasonal trends in the integrated nutrient concentration signal can be 
determined by local and regional climatological factors, including precipitation and 
atmospheric deposition, as well as seasonally dependent anthropogenic nutrient inputs 
such as agricultural or urban fertilizer application. Diel patterns of in-stream nutrient 
cycling can be present as the result of in-stream photosynthetic assimilation. Event 
responses can disrupt these processes as new flowpaths become activated. Event nitrate 
response was analyzed generally, as well as with the proposed decomposition 
methodology.  
 Event activated end-member flowpath decomposition was performed using an 
underdetermined chemical mass-balance expression [𝑁𝑁𝑡𝑡 ∗ 𝑄𝑄𝑡𝑡][𝑡𝑡] = [𝑁𝑁1 ∗ 𝑄𝑄1][𝑡𝑡] +  [𝑁𝑁2 ∗ 𝑄𝑄2][𝑡𝑡] + ⋯+ [𝑁𝑁𝑛𝑛 ∗ 𝑄𝑄𝑛𝑛][𝑡𝑡]    (Equation 2.1) 
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where 𝑁𝑁𝑇𝑇(𝑡𝑡) is the observed nitrate signal at the watershed outlet for each timestep 
during each observed hydrologic storm event, 𝑄𝑄𝑇𝑇(𝑡𝑡) is the measured discharge at the 
watershed outlet for each timestep during each observed hydrologic storm event, 𝑄𝑄1[𝑡𝑡], 
𝑄𝑄2[𝑡𝑡], … 𝑄𝑄𝑛𝑛[𝑡𝑡] are the contributing flow fractions of the activated end-member pathways 
for each timestep during each observed event, and 𝑁𝑁1[𝑡𝑡], 𝑁𝑁2[𝑡𝑡], … 𝑁𝑁𝑛𝑛[𝑡𝑡] are the 
associated nitrate concentrations of each respective end-member flow source for each 
timestep during each observed event. The determination of the nitrate concentration of 
the end-member flowpaths was the ultimate desired result of this decomposition. 
Contributing flow fractions of the activated end-member pathways was determined 
through a spatial runoff routing method based on connectivity theory (Mahoney et al., 
2019). The nitrate concentration of the end-member flowpaths were considered 
temporally nonconservative and defined by some undetermined expression (i.e. nth-order 
polynomial, logarithmic, etc.). The nonconservative nature of these end-member nitrate 
signals adds exceptional complexity to the simple mass-balance expression (Equation 
2.1). Therefore, further analysis methods were implemented to further characterize the 
integrated watershed nitrate signal event responses and to help constrain and 
parameterize the decomposition expression. A three part analysis method was developed 
to qualitatively and quantitatively characterize constituent event responses and to 
determine end-member flow and constituent sources. The first step in this analysis 
method was a general, semi-quantitative hysteresis analysis of the constituent event 
responses using a series of developed hysteresis descriptors. For hydrological purposes, 
hysteresis defines the time-variant relationship between constituent concentration and 
discharge magnitudes over the duration of a storm event. Hysteresis analysis was used to 
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elucidate potential watershed hydrological processes and potential end-member and 
spatial contributing sources. Results of the subsequent decomposition were compared to 
the semi-quantitative results from this hysteresis analysis for consistency. Second, 
developed hysteresis descriptors were used to characterize and constrain the event end-
member flow source decomposition expression (Equation 2.1). Finally, a combined 
graphical and numerical decomposition method was implemented for each event using 
relevant parameter data to decompose the event discharge and nitrate concentration 
signals into its nonconservative end-member sources.  
2.2 Approach for Spatial Signal Decomposition 
 In addition to the end-member flow source nutrient contribution curves, the 
integrated signal recorded at the watershed outlet can be decomposed into these dominant 
land-use source components within the watershed (Figure 2.3). Elucidating the spatially 
dispersed sources of this integrated nutrient signal is important in nutrient export 
analysis, and can potentially allow for targeted nutrient reduction efforts within a given 
watershed. Identification of the spatially dispersed sources contributing to the 
downstream-integrated nutrient signal can be completed through a spatially distributed 
sampling procedure, and performing a simple optimization operation of a simple mass 
balance expression. A spatial variation of the decomposition problem yields a well-
constrained and overdetermined chemical mass-balance equation that can easily be 
determined considering unity of the flow fractions and by minimizing the error 
𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥, 𝑡𝑡) = 𝑋𝑋𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥)𝑁𝑁𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡) + 𝑋𝑋𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑥𝑥)𝑁𝑁𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑡𝑡) (Equation 2.2) 
where 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥, 𝑡𝑡) is the determined nitrate concentration of each collected spatial 
sample for each monthly sample, 𝑋𝑋𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑋𝑋𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛 are the associated land-use 
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fractions of each sampling location determined through geospatial analysis, and 
𝑁𝑁𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡) and 𝑁𝑁𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑡𝑡) are the nitrate concentrations from each contributing land-
use source. The spatially distributed sampling procedure involves the investigation of 
contributions from dominant land-use areas by identifying “characteristic reaches” within 
the watershed, and isolating potential point source “hotspots” which can individually 
influence overall watershed nutrient loadings 
A characteristic reach can be defined as a reach, often a major tributary, exhibiting 
identifiable and discernable characteristics that are significantly different from 
surrounding reaches. A characteristic reach can be conceptualized as a measure of the 
integrated dispersed loading from a sub-catchment dominated by a single land-use. Point-
source “hotspots” can be defined as locations within a watershed with increased potential 
to contribute greater than normal (background) levels of the nutrients (e.g. phosphorous 
and nitrogen), or locations that generally exhibit adverse impact on the natural nutrient 
transport processes. Sites considered include livestock access to the stream, springs, sinks 
or disconnections such as ponds or dams, algal blooms, urban outfalls, and industrial 
discharge locations. Coupling measured nutrient levels from these grab samples with 
identified sub-catchment land-use features, the spatial source decomposition could then 
be determined. See Chapter 5 for full sampling methodology. 
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Chapter 2 Tables and Figures 
 
 
Figure 2.1: General Integrated Nitrate Signal Composition 
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Figure 2.2: Event End-Member Source Nutrient Signal Contributions 
 
 
Figure 2.3: Spatial Source Nutrient Signal Contributions  
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Chapter 3: Literature Review 
3.1 Nutrient Processes 
3.1.1 Nutrient Cycles 
 Nitrogen in streams exists in many organic and inorganic forms (Figure 3.1). 
Inorganic nitrogen, or bioavailable nitrogen, occurs largely as nitrate in surface waters 
(Chapra, 1997). Other forms of nitrogen occurring in streams include ammonium (𝑁𝑁𝐻𝐻4+) 
and ammonia (𝑁𝑁𝐻𝐻3), as well as organic nitrogen sources such as fecal matter and urea 
(Chapra, 1997). Phosphorous exists in streams in organic and inorganic forms (Figure 
3.2). Phosphorous in streams occurs largely as particulate phosphorous, in both organic 
and inorganic forms, which is largely biologically unavailable (Liu & Chen, 2008). 
Biologically available phosphorous is often in the form of inorganic orthophosphate 
(𝑃𝑃𝑂𝑂43−), or soluble reactive phosphorous (Chapra, 1997).  
3.1.2 Nutrient Transformations 
 Transformations and cycling of nutrients such as nitrate in streams are important 
factors in the overall export magnitudes from watersheds (Mulholland et al., 2009; Rode 
et al., 2016). Fluvial networks play a major role in nutrient removal of nutrients, 
specifically nitrogen, and removal rates are influenced by factors such as magnitude of 
delivered loads and residence times (Birgand, et al., 2007). Overall, streams play an 
exaggerated role in regulation and cycling of biogeochemical solutes (Battin et al., 2008; 
Hood et al., 2015), specifically nutrients such as nitrogen (Goodale & Aber, 2001; 
Webster et al., 2016). Nitrate loss in streams can be due to one of several hydrological or 
biogeochemical processes, including sediment immobilization at the streambed, 
denitrification, and biological assimilation (Triska et al., 1989; Birgand  et al., 2007; 
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Heffernan & Cohen, 2010; Burns et al., 2016). Denitrification has been reported to be the 
dominant process by which nitrate is removed from the stream (Alexander et al., 2000; 
Wollheim et al., 2006; Alexander et al., 2008). Assimilation of nitrate has been found to 
occur during daylight hours, resulting in nitrate loss; and cessation of nitrate loss occurs 
during nighttime hours when photosynthesis stops (Heffernan & Cohen, 2010). 
3.1.3 Nutrient Sources  
 Agricultural practices, such as fertilizer application and animal wastes, have been 
found to be most correlated with increased nitrogen and phosphorus inputs (Puckett 1995; 
Anderson et al., 2002; Burns et al., 2009; Brown et al., 2011; Robertson & Saad, 2011). 
Pasture land and row cropping have been determined by some researchers to be large 
input sources of nitrogen and phosphorous (McCrackin et al., 2017; Mockler et al., 2017). 
Urban sources of anthropogenic nutrient inputs include point sources such as sewage and 
wastewater treatment plant (Howarth et al., 1996; Robertson & Saad, 2011; Mockler et 
al., 2017) and nonpoint sources such as lawn fertilizers, fossil fuel combustion, and 
atmospheric deposition (Anderson et al., 2002; Brown et al., 2011; McCrackin et al., 
2017). 
3.1.4 Land-Use Correlation 
 Sources of elevated nutrient concentrations are primarily from anthropogenic 
sources (Galloway et al., 2008; Pellerin et al., 2009; Burns et al., 2016). Human activities 
have vastly increased nutrient inputs to terrestrial and aquatic ecosystems globally. 
Agricultural practices, such as fertilizer application and animal wastes, have been found 
to be most correlated with increased nitrogen and phosphorus inputs (Puckett 1995; 
Anderson et al., 2002; Burns et al., 2009). Increases in both agricultural land use fraction 
20 
 
(Arheimer & Liden, 2000; Pellerin et al., 2006; Burns et al., 2009; Evans et al., 2014; 
Van Metre et al., 2016; Koenig et al., 2017) and urban land-use fraction (Osbourne and 
Wiley, 1988; Brett et al., 2005; Koenig et al., 2017) have been linked to increases in 
nitrate and orthophosphate loadings delivered to the stream networks. In mixed-use 
watersheds, agricultural land use areas were generally found to have an increased 
contribution of nutrient concentrations (Dubrovsky et al., 2010; Evans et al., 2014; 
Koenig et al., 2017). 
3.1.5 Diel Patterns 
 Nitrate loss in streams can be due to one of several hydrological or 
biogeochemical processes, including sediment retention at the streambed, denitrification, 
and biological assimilation (Triska et al., 1989; Heffernan & Cohen, 2010; Burns et al., 
2016). Diel nitrate loss has been associated with photosynthetic production, with 
assimilation occurring during daylight hours, resulting in nitrate loss; and cessation of 
nitrate loss occurs during nighttime hours when photosynthesis stops (Heffernan & 
Cohen, 2010). Larger order streams were found to have lower loss rates and magnitudes 
than lower order streams (Mulholland et al., 1992; Heffernan & Cohen, 2010; Flewelling 
et al., 2014; Burns et al., 2016). Lower order headwater streams have been identified as 
disproportionately important to overall nitrate removal in streams (Peterson et al., 2001). 
Highest magnitude nitrate losses were found to occur during growth seasons (Pellerin et 
al., 2009; Burns et al., 2016). Nitrate loss was found to be most positively correlated with 
average water temperature, and most negatively correlated with magnitude of stream 
discharge (Burns et al., 2016). 
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3.1.6 Seasonality 
 Seasonal trends for nutrient concentrations are widely varied and seemingly 
depend on a variety of changing factors inherent to the individual watersheds in question. 
Seasonality was determined to largely be a factor of empirical watershed characteristics, 
such as land-uses, agricultural intensity, and regional climate (Ohte, 2012; Duncan et al., 
2015). Studies have shown nitrate concentrations to exhibit maximums in every season, 
with patterns attributed to many factors. Several researchers found highest nitrate 
concentrations to occur in the late spring and summer, attributing these findings to 
increased precipitation and stream discharge as well as fertilizer applications in 
agricultural catchments (Mulholland, 1992; Mulholland & Hill, 1997; Pellerin et al., 
2014; Duncan et al., 2015; Tian et al., 2016; Rattan et al., 2017). Watersheds with highest 
nitrate concentrations and loadings occurring in winter and early spring have been 
attributed to increased flow during winter and spring and minimal microbial or plant 
uptake or assimilation (Stoddard, 1994; Arheimer et al., 1996; Pellerin et al., 2011; Ohte, 
2012; Rattan et al., 2017). 
3.1.7 Long-Term Trends 
 Nutrient trends have also been monitored at longer time scales by several 
researchers. For example, nitrate concentration trends have been observed across multiple 
decades and even at the century-scales (Stets et al., 2015). In undisturbed watersheds, 
nutrient budgets have been found to be relatively stable (Swank & Vose, 1997). Nutrient 
export from agriculturally dominated catchments in the central United States increased 
substantially in the middle parts of the 20th century, but have since stabilized in recent 
decades, but have not shown any marked decreasing trends (Stets et al., 2015). 
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3.1.8 Watershed Size Correlation 
 Nutrient transformations are considerably linked to watershed size and in-stream 
retention times. Nitrate concentrations have been found to decrease with increasing 
watershed size and increasing downstream distance (Kang et al., 2008). Denitrification is 
the dominant process by which nitrate is removed from the stream (Alexander et al., 
2000; Wollheim et al., 2006; Alexander et al., 2008) and the rate at which nitrate is 
removed is dependent on stream width to depth ratio, volume to surface area ratio, and 
in-stream residence time (Alexander et al., 2000; Alexander et al., 2008). Nitrate loss 
rates are high in headwater streams with shallower depths and therefore higher settling 
rates for solutes, as well as lower volume to surface area ratios and therefore more bed 
contact area and time. Nitrate loss rates are high in these headwater streams and decrease 
as stream order increases, thus high input concentrations in upstream reaches are 
removed rapidly as water is transported downstream. (Alexander et al., 2000; Alexander 
et al., 2008; Kang et al., 2008). Because of this, lower order headwater streams have been 
identified as disproportionately important to overall nitrate removal in streams (Peterson 
et al., 2001). 
3.1.9 Sink Impacts 
 Watershed features and nutrient hotspots are additional factors effecting nutrient 
transformations and in-stream cycling. Ponds and reservoirs are well documented 
watershed features with increased capacity for nutrient removal from the stream 
(Wollheim et al., 2008; Harrison et al., 2009; Brown et al., 2011; Powers et al., 2014; 
Powers et al., 2015). Nutrient removal in reservoirs occurs primarily through processes 
such as denitrification, sedimentation, and plant uptake (Saunders & Kalff, 2001; Bosch 
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& Allan, 2008; Powers et al., 2015). Removal efficiency is correlated with hydraulic 
residence times and nutrient loading rates (Saunders and Kalff, 2001; Alexander et al., 
2002; Seitzinger et al., 2002). 
3.1.10 Spring Impacts, Karst and Groundwater Processes 
 Nutrient concentration in groundwater, measured in groundwater wells and spring 
outflows, have been found to be higher relatively than surface stream concentrations 
(Katz, 2004; Einsiedl & Mayer, 2006; Dubrovsky et al., 2010; Musgrove et al., 2016). In 
fact many aquifers are experiencing increasing concentrations for nutrients such as nitrate 
(Einsiedl & Mayer, 2006; Opsahl et al., 2017). Elevated nutrient levels in groundwater 
and karst systems can be attributed to one of several factors. Anthropogenic sources of 
nutrients from the watershed surface are often delivered to subsurface systems (Katz, 
2004; Albertin et al., 2012). Karst systems, specifically those dominated by conduit flow, 
are particularly susceptible to contamination from surface sources of nutrients due to 
rapid delivery of event surface flow along preferential flowpaths (Einsiedl & Mayer, 
2006; Kingsbury et al., 2008; Fenton et al., 2017; Opsahl et al., 2017). Additionally, 
legacy stores of nitrate are likely to occur in the soil column and vadose zones of 
watersheds with long-term nitrate inputs from human influences (Fenton et al., 2017; Van 
Meter et al., 2017). Nitrification of ammonium and organic forms of nitrogen adds to 
these legacy stores in the soil column (Kendall et al., 2008; Musgrove et al., 2016; Van 
Meter et al., 2016; Fenton et al., 2017; Opsahl et al., 2017) 
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3.2 Nutrient Impacts 
3.2.1 Ecological and Environmental Impacts 
 Increased nutrient loadings, specifically nitrogen and phosphorus loadings, 
delivered to downstream lentic and estuarine/marine ecosystems are the cause for 
significant environmental concerns. More than 42 percent of surface water streams in the 
United States are currently considered impaired due to nutrient loadings (Paulsen et al., 
2008). Water quality outbreaks, including toxic algal blooms, can be caused by increased 
nutrient loadings to streams, which can damage ecosystem and drinking water quality 
(Smith et al., 2006; Kalcic et al., 2016). Anthropogenic nutrient inputs have been linked 
in several algal blooms in several water bodies in the past decade (Michalak et al., 2013; 
Scavia et al., 2014; Van Metre et al., 2016). Toxic algal blooms consisting of the species 
within the taxonomic group “blue-green” cyanobacteria have become a specific threat to 
aquatic ecosystems and drinking water supply (Heisler et al;., 2008; Erisman et al., 2013). 
Nitrogen and phosphorus are of particular interest when considering the proliferation of 
downstream algal blooms as both phosphorus (Rudek et al., 1991; Fisher et al., 1992; 
Anderson et al., 2008) and nitrogen (Dugdale & Goering 1967; Glibert 1988; Anderson et 
al., 2008) have been identified as limiting factors of algal production. The increased 
proliferation of harmful algal blooms due to the increased levels of nitrogen and 
phosphorus loadings to fluvial networks is also linked to the increased occurrences of 
eutrophication in freshwater and coastal marine receiving water bodies (Bricker et al., 
2008; Kraus et al., 2017). Eutrophication causes extreme ecological degradation, and is 
considered one of the greatest stressors for both freshwater and coastal environments 
(Howarth et al., 2011; McCrackin et al., 2017). Nitrogen and phosphorus have also been 
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linked to the proliferation of coastal hypoxia (Turner et al., 2006). A hypoxic zone in the 
Gulf of Mexico, including a “Dead Zone” measuring more than 22,000 square kilometers 
in 2017 (USEPA), has been linked to excess nutrients from anthropogenic agricultural 
sources in the United States Midwest, delivered to the gulf through the Mississippi River 
network (Pellerin et al., 2014).  
3.2.2 Human Health Impacts 
 Nutrient enrichment has also been linked to potential human health impacts 
(Brender et al., 2013). Some algal blooms are potentially toxic to humans. For example, 
the cyanobacteria Microcystis aeruginosa produces microcystin, which can damage the 
liver and nervous system of humans (Watson et al., 2016; Loftin et al., 2016). Elevated 
nitrate levels in water can result in a variety of human health effects (Pellerin et al., 
2016), including birth defects and methemoglobinemia in infants (Fan & Steinberg, 1996; 
Brender et al., 2013). 
3.2.3 Economic Impacts  
 Nutrient enrichment of freshwater systems and coastal systems also poses 
significant economic implications (Pellerin et al., 2016). In a study by Sobota et al., 2015, 
it was estimated that the totaled human health and environmental impacts from nitrogen 
inputs into aquatic ecosystems caused over $210 billion in the United States in the early 
2000s. Of that total, $19 billion were from drinking water impacts and $78 billion from 
freshwater ecosystems.   
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3.3 Advanced Nutrient Sensor Technology 
 The recent advancement of in-stream water quality and nutrient sensor technology 
over the past decade has vastly increased the ability of researchers to study the 
biogeochemical processes and hydrological mechanics that govern nutrient sources, 
transformations, and transport in fluvial networks (Rode et al., 2016; Pellerin et al., 2016; 
Burns et al 2019). Several approaches and methods used for watershed nutrient studies 
have been newly developed or improved for efficiency and accuracy with the 
implementation of high quality, continuous in-situ sensors (Burns et al., 2019). Several 
studies have been conducted recently in efforts to quantify nutrient cycling at various 
time-scales. Diel nitrate patterns resulting from various in-stream removal processes have 
been studied (Pellerin et al., 2009; Heffernan & Cohen, 2010; Burns et al., 2016; Hensley 
& Cohen, 2016). Long-term data streams for nitrate collected by these sensors are 
beginning to become available (Pellerin et al., 2012; Burns et al., 2016; Rode et al., 
2016). Hydrologic event and associated nutrient responses have been studied by 
researchers increasingly through the observation of concentration-discharge relationships 
and characterization of the resulting hysteresis (Carey et al., 2014; Bowes et al., 2015; 
Dupas et al., 2016; Feinson et al., 2016; Lloyd et al., 2016; Blaen et al., 2017; Duncan et 
al., 2017; Koenig et al., 2017; Vaughan et al., 2017; Aguilera & Melack, 2018; Fovet et 
al., 2018; Baker & Showers, 2019; Zimmer et al., 2019). Chemical mass balance based 
hydrograph separation has become increasingly accurate with the  introduction of high 
resolution data for an increasing number of chemical tracers (Gilbert et al., 2013; 
Kronholm & Capel, 2015; Kronholm & Capel, 2016; Miller et al., 2016; Miller et al., 
2017). 
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3.4 Hysteresis Method Review 
 Storm events have increased capacity for the transport of pollutants, such as 
sediment and nutrients, from a watershed to a downstream receiving body (Lloyd et al., 
2016; Fovet et al., 2018). This is due to the increased event runoff activating new 
flowpaths and mobilizing previously disconnected source pools of a given constituent. 
During a hydrologic event in which discharge in a stream is increased, the concentrations 
of various flow dependent constituents are also impacted as a result. When a constituent’s 
concentration peak does not coincide with the event peak discharge, occurring either 
before or after and resulting in a lagged response, a hysteresis loop is formed when the C-
Q relationship is plotted. The shape, direction, curvature, and trend of this resultant loop 
suggest the characteristic nature of the concentration-discharge relationship. In a paper by 
Williams (1989), the different types of single-event C-Q relationships were identified and 
classified, with a summary of physiographic and hydrological reasons for the occurrence 
of each type. Five major types of hysteresis loops were identified; single-line, clockwise 
loop, counterclockwise loop, single-line plus loop, and figure-of-eight loop. Each type of 
concentration hysteretic response is determined by the relative timing of the discharge 
and concentration peaks during the event hydrograph response. Additional considerations 
have since been added to the framework outlined by Williams (1989) in relation to the 
shape and direction of concentration-discharge hysteresis loops that help researchers to 
further understand the underlying relationships between the constituents and discharge 
from a watershed. In a paper published by Evans & Davies (1998), the ideas of hysteresis 
curvature (or concavity) and trend (positive/negative or accretion/dilution) were 
introduced to further qualify the nature of hysteresis loops. The authors showed that 
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given the shape, curvature, and trend of a hysteresis loop, the relative concentrations and 
contributions of three flow components (groundwater, soil water, and surface water) can 
be identified. The rotational direction of the loop (clockwise or counterclockwise) can be 
used to determine whether the concentration of the surface runoff or the soil water is 
larger. This is based on the assumption that surface flow < soil flow < groundwater flow 
in terms of time to contribution during an event. A concave hysteresis loop, defined as a 
loop in which at least one of the hydrograph limbs is significantly concave, indicates that 
the groundwater flow must contain either the highest or conversely the lowest relative 
concentration depending on the direction and trend of the loop. Finally, the trend of the 
loop (a positive trend indicating an accreting concentration pattern and a negative trend 
indicating a diluting concentration pattern) determines that the groundwater contribution 
is either the highest relative concentration (negative trend) or the lowest (positive trend). 
 Event concentration dynamics have been studied with hysteresis plots for several 
decades. However, until recently the parameters studied have been limited due to various 
sampling restraints, such as labor availability and laboratory expense. Nutrient 
concentrations, such as dissolved inorganic nitrate, had previously been studied 
infrequently compared to constituents such as suspended sediment. With the development 
of contemporary, in-situ nutrient sensors, the capability of researchers to collect accurate, 
continuous, and high-resolution data has increased substantially. With this increase in 
data availability, studies investigating event nitrate concentration dynamics have likewise 
increased. Table 3.1 outlines the results of an extensive literature review of such studies, 
detailing the relevant hysteretic behavior of nitrate concentrations in watersheds of 
varying area, land-use, climate, and other characteristics. Explanations given in the 
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literature for the occurrence of hysteresis loop shape, direction, and trend vary widely and 
have even been found to be contradictory across watersheds. It can be inferred from this 
contrast in results that the various physical and biogeochemical processes controlling 
nitrate retention, cycling, and export within a watershed are widely varied and potentially 
quite site specific. Traditionally, clockwise hysteresis loops that occur for concentration-
discharge relationships are most often attributed to the existence of proximal sediment 
sources, with subsequent rapid exhaustion of sources during an event (Williams, 1989; 
Evans & Davies, 1998). Similarly, anti-clockwise turbidity-discharge hysteresis 
occurrence is most often attributed to distal sources of sediment (Williams, 1989; Evans 
& Davies, 1998). The presence of proximal source pools of nitrate or the rapid delivery 
of distal sources (tile drains in agricultural watersheds, Williams et al., 2018) have been 
cited in the literature as being responsible for clockwise nitrate hysteresis loops (Carey et 
al., 2014; Bowes et al., 2015; Lloyd et al., 2016). Proximal sources of elevated nitrate 
concentrations have been identified as shallow, near-stream groundwater or soil water 
stores, and a nutrient enriched high water-table (Jiang et al., 2010; Chen et al., 2012; 
Bowes et al., 2015; Lloyd et al., 2016; Fovet et al., 2018). These proximal nitrate pools 
are often attributed to anthropogenic sources, including nitrate build-up in sub-surface 
soil deposits due to fertilizer application in agricultural watersheds (Koenig et al., 2017), 
and surface pools developing in urban watersheds due to impervious areas which can be 
quickly washed into the stream during an event (Vaughan et al., 2017). Clockwise loops 
can be the result of not only connected proximal sources, but also because of 
disconnected distal sources that cannot contribute (Vaughan et al., 2017). Anti-clockwise 
hysteresis loops for nitrate have been reported and attributed to connected distal sources 
30 
 
contributing later in the event (Bowes et al., 2015; Outram et al., 2016; Vaughan et al., 
2017), as well as increased time for water to leach through nutrient rich soil and 
groundwater layers, thus contributing elevated concentrations later in the event (Dupas et 
al., 2016).  
 While these traditional hysteresis loop explanations are referenced and discussed 
in the literature for nitrate hysteresis, there are several conflicting explanations that yield 
contradicting results in different watersheds. For example, dilution due to low-
concentration surface water or runoff contributing elevated proportions of the total 
discharge during an event have been attributed to the occurrence of both clockwise 
(Lloyd et al., 2016), and anti-clockwise hysteresis loops (Sherson et al., 2015; Feinson et 
al., 2016). This discrepancy may be largely attributable to the relative timing of such 
contributions during an event hydrograph, as well as the relative baseline, or pre-event, 
concentration of nitrate. Additionally, the magnitude and intensity of events has been 
identified for its impact on hysteresis behavior, again with contradicting results between 
watersheds and authors. Larger magnitude events have been attributed to clockwise 
responses (Chen et al., 2012; Duncan et al., 2017) due to an increased and early flux of 
dilute “new” or event, surface runoff. Large magnitude events have also been attributed 
to anti-clockwise loops due to the increased connectivity of distal sources and flowpaths 
because of increased discharge (Bowes et al., 2015). Elevated antecedent moisture 
conditions resulting from a sequence of high-flow events have also been reported to yield 
increasingly anti-clockwise loops due to increasingly connected distal sources and 
elevated water tables (Blaen et al., 2017). 
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 Similarly to the hysteresis loop direction, the general shape and trend of the loop, 
diluting or accreting, is also seemingly highly variant and dependent of several dynamic 
factors. Similar watersheds studied in the literature have yielded differing results. The 
dilution/accretion trends of an event are largely dependent on the relative concentrations 
of event and pre-event or background water, as well as magnitude and timing of 
contributing sources, and the non-random distributions of variant land uses in a 
watershed (Carey et al., 2014). Accretion, or increased event concentrations (also referred 
to as flushing), occurs when a hydrological event mobilizes stored nutrients and increases 
concentrations above pre-event levels (Evans & Davies, 1998). This can occur during the 
rising or falling limb of the discharge hydrograph, resulting in clockwise and anti-
clockwise loops, respectively. Dilution, or decreased event concentrations, occurs when a 
hydrological event dilutes an elevated pre-event concentration (Evans & Davies, 1998). 
Dilution can be most prominent on either the rising or the falling limb of the event 
hydrograph, resulting in an anti-clockwise or a clockwise loop, respectively. Agricultural 
watersheds have generally been found to display accreting trends in nitrate hysteresis 
loops (Jiang et al., 2010; Bowes et al., 2015; Outram et al., 2016; Vaughan et al., 2017; 
Fovet et al., 2018),  although this is not always the case (Ferrant et al., 2013; Dupas et al., 
2016). Some studies report urban watersheds to have largely accreting response 
(Rosenzweig et al., 2008; Jiang et al., 2010; Duncan et al., 2017), while others report 
urban activity as the cause of diluting responses (Aguilera & Maleck 2018, Vaughan et al 
2017). Some authors report natural or forested watersheds to exhibit initial flushes with 
subsequent exhaustion due to minimal stored nitrate (Koenig et al., 2017, Aguilera & 
Maleck 2018), while others report similar watersheds with primarily diluting loops due to 
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proximal contributing sources being rapidly flushed (Vaughan et al., 2017).  
Additionally, high-flow events have been linked to flushing due to increased connection 
of sources (Outram et al., 2016); while others have reported high-flow events with diluted 
responses due to increased dilute surface runoff (Duncan et al., 2017). 
 Numerous studies have also been conducted that have investigated the hysteresis 
loop patterns of single-event discharge-concentration relationships for suspended 
sediment or turbidity as a proxy Table 3.2. Sherriff et al., 2016 used hysteresis analysis of 
high-resolution suspended sediment and streamflow data from three low order, < 12 km2, 
agricultural watersheds to investigate sediment sourcing, delivery mechanisms, and 
export efficiency. The effect of soil drainage capacity as well as effect of low- vs. high-
flow periods on hysteresis behavior was reported. Lawler et al., 2006 studied a 57 km2 
urbanizing catchment for turbidity hysteresis. The author introduces a Hysteresis 
Indexing method adapted by several subsequent studies (Fovet et al., 2018; Lloyd et al., 
2016; Sherriff et al., 2016). Lloyd et a., 2016 studied the hysteresis behavior of several 
constituents, including turbidity, to infer sources and transport controls on constituents in 
two catchments (50.22 and 4.97 km2), one surface water dominated and one groundwater 
controlled. Fovet et al., 2018 studied the hysteresis patterns of turbidity, among other 
constituents, in a small, 5 km2, catchment with the aim to identify characteristics defining 
hysteretic behavior and to identify patterns in the seasonal variability of these hysteresis. 
Mather and Johnson, 2014 collected turbidity-discharge data from numerous catchments 
of various size to determine dominant hysteresis patterns and to develop a model for loop 
shape. Asselman, 1999 studied suspended sediment dynamics in a very large drainage 
basin (River Rhine, 165,000 km2) using hysteresis loops. Rose et al., 2018 collected 
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hysteresis loop data for a number of dissolved and particulate constituents including 
suspended sediment in a small (7.25 km2) watershed. Landers et al., 2013 studied a large 
(673 km2) watershed for suspended sediment hysteresis and for the hysteretic 
relationship between suspended sediment and turbidity. 
 The overwhelming majority of events studied by the aforementioned authors as 
well as those in additional referenced materials result in clockwise hysteresis loops, with 
anti-clockwise loops occurring consistently in a few catchments, or under special 
circumstances. Clockwise hysteresis loops that occur for turbidity-discharge relationships 
are most often attributed to the existence of proximal sediment sources (Williams, 1989; 
Lloyd et al., 2016; Rose et al., 2018; Sherriff et al., 2016; Fovet et al., 2018), with 
subsequent rapid exhaustion of sources during an event (Lawler et al., 2006; Fovet et al., 
2018). Additional proposed causes include deposition-remobilization dynamics that occur 
when a relatively low magnitude event is followed by a higher magnitude storm (Landers 
et al., 2013; Lloyd et al., 2016), as well as the increased portion of lower concentration 
baseflow that occurs during the recessing limb of the hydrograph (Asselman, 1999; Rose 
et al., 2018). Anti-clockwise turbidity-discharge hysteresis occurrence is most often 
attributed to distal sources of sediment (Williams, 1989; Rose et al., 2018; Fovet et al., 
2018), as well as a time-lag of the sediment flux wave compared to the water flood wave 
(Williams, 1989; Lawler et al., 2006). Additional proposed causes include flushing 
during an initial event with subsequent events becoming less clockwise to more anti-
clockwise in nature (Sherriff et al., 2016), as well as a sluggish initial turbidity response 
followed by a subsequent turbidity rush (Lawler et al., 2006). 
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 Several watershed and event characteristics with potential to impact hysteresis 
patterns have been examined in the various studies on nitrate and suspended sediment 
hysteresis. Several of these characteristics and the relevant results and discussion from 
the literature is presented below. 
Watershed Size and Land Usage 
 Perhaps the most obvious characteristics inherent to a watershed that affect 
hysteretic behavior are the size of the watershed area and the predominate land use or 
cover present in that watershed. Authors have studied the effects of these characteristics 
extensively. Watersheds of varying size yield varying results in terms of nitrate hysteresis 
patterns, suggesting that site-specific processes can be causing the prevalent hysteresis 
loops. Carey et al., 2014 suggests that for larger watersheds, the resulting hysteresis 
reflects the distance of sources and the dominant flowpaths associated, implying that for 
smaller watersheds the event characteristics may be more influential. For nested 
watersheds of increasing size, hysteresis responses have been found to be increasingly 
anti-clockwise as size increases (Williams et al., 2018). Perhaps more influential than the 
basin’s area is the land-use or land-cover comprising that area. Mean event 
concentrations have been found to be highly influenced by catchment land-use (Koenig et 
al., 2017). Basu et al., 2010 suggests that a sort of stationarity in hysteresis responses 
exists in natural or pristine watersheds due to the consistency of nitrate sources, and 
further claims that a sort of pseudo-stationarity has begun to become more prevalent in 
anthropogenic influenced watersheds due to built-up (legacy) stores, although this claim 
is not altogether supported by the results of the literature review. It is clear that the 
various sources of nitrate is different for natural and anthropogenic watersheds. Urban 
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watersheds can have increased inputs due to point sources and the reduction of the 
effectiveness of nutrient retention areas (Rosenzweig et al., 2008). Nitrate sources can 
also be more varied in urban watersheds (Duncan et al., 2017). This variance of 
hysteresis responses due to varied nitrate sources is exasperated in transitioning, mixed-
use watersheds due to the coupled sources and flowpaths inherent to both natural and 
anthropogenic watersheds (Carey et al., 2014). Natural catchments are thought to 
generally result in flushing/accretion during events, while anthropogenic influenced 
watersheds generally display dilution (Koenig et al 2017). Supporting results have been 
reported in some studies (Koenig et al., 2017, Aguilera & Maleck, 2018), while other 
studies have found dilution in natural watersheds as well as flushing and cultivated 
agricultural watersheds (Vaughan et al., 2017). 
 Considering suspended sediment hysteresis, it has been posed that while 
clockwise loops are predominate across most watershed area sizes, anti-clockwise 
hysteresis patterns can occur in agricultural watersheds with large watershed areas 
(Williams et al., 1989; Reid et al., 1997; Lawler et al., 2006). It seems from the data 
presented in this literature pool that this is not always the case, as clockwise hysteresis 
patterns are predominate in watersheds of all sizes and land uses, as can be seen in the 
following tables. Furthermore, the data presented here suggests that hysteresis loops will 
become more clockwise with increasing size (Mather and Johnson, 2014). However, it 
can be noted that events in mixed-use watersheds approximately 50 km2show a tendency 
to result in anti-clockwise hysteresis loops on a consistent basis. This could be because 
watersheds of this size are of the correct size to experience a pronounced time-lag due to 
the aforementioned sediment flux and water flood wave phenomena, without 
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experiencing the discharge-sediment dynamics that occur in smaller and larger 
watersheds that result in clockwise hysteresis loops. It is also possible that these 
watersheds are the only ones with distal sediment sources and all other watersheds have 
sources of more proximal sediment. Urban watersheds have generally been found to yield 
clockwise hysteresis patterns (Walling, 1974; Wotling and Bouvier, 2002) whereas larger 
and more rural watersheds can exhibit anti-clockwise hysteresis loops (Williams et al., 
1989; Reid et al., 1997). This is contradicted by the results of Lawler et al., 2006, in 
which a watershed with high urban land use (42 %) resulted in predominately anti-
clockwise turbidity hysteresis loops. 
Hydroclimatological Characteristics 
 Several climatological and event characteristics were identified that affect the 
subsequent nitrate concentration response to increased event flow. The parameters 
identified to be the most influential by several authors were precipitation intensity during 
an event and the antecedent moisture conditions before an event, including groundwater 
levels and soil moisture. However, the resulting nitrate hysteresis response to these 
measured parameters was varied for differing watersheds, indicating that site-specific 
characteristics and processes are the ultimate determinant on nutrient responses. Event 
magnitude or the event precipitation intensity is often found to be correlated with relative 
increase in peak concentration and with average hysteresis behavior (Feinson et al., 2016; 
Blaen et al., 2017; Williams et al., 2018). However, while some authors report 
increasingly anti-clockwise responses with increasing event magnitude (Blaen et al., 
2017), others report the opposite (Blanco et al., 2010; Feinson et al., 2016). Antecedent 
soil moisture conditions and groundwater level before an event is also correlated with 
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nitrate hysteresis response according to several authors. Generally, with increased soil 
moisture and an elevated groundwater level, concentration responses to events are more 
consistent, as variability due to independent surface and groundwater dynamics is 
reduced (Fovet et al., 2018). Higher groundwater levels and soil moisture before events 
also generally lead to increased concentrations from flushed shallow groundwater (Jiang 
et al., 2010), which in turn results in increasingly clockwise event responses (Chen et al., 
2012; Williams et al., 2018). 
 The relative magnitude of discharge events can act as a major control of 
suspended sediment hysteretic behavior from each individual event to the next. Some 
studies note that abnormally large events result in a more pronounced clockwise response 
in turbidity hysteresis (Lloyd et al., 2016). During periods of continued low-flow events, 
or low antecedent moisture conditions, predominately clockwise events will tend to occur 
(Lloyd et al., 2016; Sherriff et al., 2016). Events of relatively high magnitudes that follow 
events of relatively low magnitudes are also likely to exhibit clockwise loops because the 
lower energy storm occurring before the larger event will tend to deposit sediment that 
cannot be transported, thus providing a large, proximal source to be activated during the 
subsequent storm (Landers et al 2013; Lloyd et al 2016). Additionally, the turbidity 
hysteresis response throughout a sequence of multiple events can be used to identify the 
controlling characteristics of a watershed. For example, if a series of several events occur 
in rapid succession without a marked change in turbidity concentration or hysteresis 
response between events, it can be assumed that the sediment supply in the basin is 
essentially unlimited and transport limited (Lawler et al., 2006; Landers et al., 2013: 
Lloyd et al., 2016). This can occur in both clockwise hysteresis dominated watersheds 
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(Landers et al., 2013; Lloyd et al., 2016) and in anti-clockwise hysteresis dominated 
watersheds (Lawler et al., 2006). If the turbidity concentration or hysteresis response 
between events does experience a change, this indicates a sediment exhaustion and 
generally results in decreasing clockwise behavior and a trend towards anti-clockwise 
behavior (Sherriff et al., 2016). 
Seasonality 
 Reported seasonality in nitrate hysteresis patterns is largely site specific, with 
several authors offering contradictory reports. Several authors have reported no obvious 
seasonal trends in relation to nitrate event responses and hysteresis, while others have 
observed pronounced responses. The presence of seasonal variations in these responses 
seems to be largely dependent on the watershed land use type. Authors reporting on 
mixed-use (Lloyd et al., 2016; Vaughan et al., 2017), urban (Vaughan et al., 2017), and 
natural or undeveloped (Vaughan et al., 2017; Aguilera & Maleck, 2018) watersheds 
have largely found no obvious seasonal trends in nitrate concentration responses to 
increased discharge events. However, authors studying agriculture dominated watersheds 
have by and large reported varying levels of seasonal variance in terms of the impact on 
nitrate hysteresis. Outram et al., 2016 reported markedly higher event concentration 
peaks and net nitrate fluxes during spring and summer months, likely coinciding with 
fertilizer application in their largely arable watershed in eastern England. Additional 
authors also attributed seasonal variations in hysteresis to the timing and magnitude of 
fertilizer application in largely cultivated agricultural watersheds. Williams et al., 2018 
observed increased clockwise patterns beginning in spring and persisting through the 
summer months, before decreasing in clockwise magnitude in the fall. The clockwise 
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nature of the loops resulted from the sudden presence of proximal, elevated stores of 
nitrate that were rapidly transported during the rising limb of the hydrograph. Bowes et 
al., 2015 reported more consistent, less variable, responses during the winter months, 
likely due to the constant background levels of nitrate remaining as the controlling source 
when no additional nitrate is added in the form of fertilizer. Both Bowes et al., 2015, and 
Dupas et al., 2016, reported strong and increasing dilution in response to events in winter 
months, indicating a depletion of nitrate stores built-up from fertilizer application in the 
spring and summer growing periods. 
 Suspended sediment concentrations can vary seasonally with changing sources, 
availability, transport capability, precipitation, antecedent moisture conditions, 
vegetation/land cover, etc. (Mather & Johnson, 2014). Studies have reported clearer 
hysteretic patterns during fall and winter months when connectivity between stream and 
watershed is maximal (Fovet et al., 2018), as well as increased correlation between peak 
turbidity and peak discharge during fall and winter months and increased scatter in 
correlation in spring and summer months (Mather & Johnson, 2014). 
Surface Water vs. Karst Systems 
 In their paper studying event nitrate dynamics in a highly karstic system, Huebsch 
et al., 2014 developed a conceptual model detailing the major nitrate responses displayed 
by karstic systems during increased flow, and the major differences between these 
systems and surface water dominated systems. The theoretical basis behind this model is 
the existence of quick subsurface flowpaths (conduit flow) that are not present in surface 
water dominated watersheds, and their coupling with diffuse (matrix) flowpaths that lead 
to varying event response dynamics. Huebsch et al., 2014 identifies the diffuse flow as 
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having a constant and stable concentration, equal to the ground water concentration, 
which defines the effluent concentration during baseflow conditions. However, during an 
event, the quick sub-surface conduit flow is activated. This effectively bypasses the 
diffuse flow and connects the soil and epikarst directly to the outlet spring (as well as 
surface water if the catchment is pirated by large swallets). The variable concentrations of 
these source locations determine the event dynamics at the spring outlet. The system 
studied in Huebsch et al., 2014 showed net mobilization of nitrate due to increased flow 
during an event, but the concentration peak was significantly lagged behind the discharge 
peak. In the referenced studies, several different concentration responses were reported, 
including another lagged concentration increase (Pronk et al., 2009), lagged 
concentration dilution (Mahler et al., 2008), an increase in concentration flowed by a 
dilution (Rowden et al 2001), and varying mobilization / dilution responses to subsequent 
storms (Stueber & Criss, 2005). 
 Lloyd et al 2016 presents suspended sediment hysteresis data for a surface water 
dominated catchment as well as a catchment with substantial contribution from 
groundwater inputs. The surface water dominated stream exhibited predominately 
clockwise turbidity hysteresis loops, while the groundwater-influenced stream was split 
with a slight majority of events displaying anti-clockwise trends. Suggesting that 
groundwater influenced streams may display a tendency towards anti-clockwise 
hysteresis patterns. However, this is contradicted by the results of the study conducted by 
Sherriff et al., 2016, in which a catchment with well-drained soil, and therefore increased 
subsurface flow, exhibited clockwise hysteresis. Sherriff et al., 2016 attributed this result 
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to the disconnection of surface pathways due to subsurface flow channels, indicating that 
sediment was sourced from in-stream proximal sources. 
3.5 Hydrograph Separation Review 
 Several hydrograph separation methods were reviewed with the intent of 
comparing estimated end-member flow fractions and associated nutrient concentration 
signals. Hydrograph separation techniques are generally separated into two categories, 
graphical approaches based on discharge data and chemical mass balance expressions 
with data for one or more in-stream chemical tracers (Miller et al., 2017). Hydrograph 
separation techniques based on discharge data alone are generally based on hydrograph 
recession analysis (Nathan and McMahon, 1990; Eckhardt, 2005). Chemical mass 
balance hydrograph separation techniques are generally based on event chemical 
concentration time-series data, usually conservative or semi-conservative chemical 
tracers such as conductivity (Pinder and Jones, 1969; Pilgrim et al., 1979, Pellerin et al., 
2008). The emergence of high-resolution water quality and in-stream chemistry sensors 
has greatly increased the amount and resolution of event data, and thusly has increased 
the number of contemporary hydrograph separation methods. Several authors have 
developed novel hydrograph separation models using high-resolution sensor data 
(Inamdar et al., 2013; Kronholm & Capel, 2015; Kronholm & Capel, 2016; Miller et al., 
2016; Miller et al., 2017). 
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Chapter 3 Tables and Figures 
 
Table 3.1: Nitrate Hysteresis Literature Review 
 
 
Table 3.2: Suspended Sediment Hysteresis Literature Review 
 
 
 
Author Basin Area (km^2) Land Use Hysteresis Pattern
Lloyd et al 2016 4.97 Agriculture Predominately Clockwise
Fovet et al 2018 5 Agriculture Predominately Clockwise
Rose et al 2018 7.25 66 % Agricultural                                   
23 % Forested
Predominately Clockwise
< 12 Agriculture, Poorly Drained Predominately Clockwise
< 12 Agriculture, Well Drained Predominately Clockwise
< 12 Agriculture, Moderately Drained Predominately Anti-Clockwise
Lloyd et al 2016 50.22 Mixed Use 62 % Anti-Clockwise                               
38 % Clockwise
Lawler et al 2006 57 58 % Agriculture                                
42 % Urban
Predominately Anti-Clockwise
Landers et al 2013 673 71 % Urban                                             
14 % Forested
Predominately Clockwise
Mather et al 2014 Assorted Assorted Predominately Clockwise
Asselman 1999 165,000 Mixed Predominately Clockwise
Sherriff et al 2016
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Figure 3.1: In-Stream Nitrogen Cycle (Chapra, 1997) 
 
 
Figure 3.2: In-Stream Phosphorous Cycle (Chapra, 1997) 
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Chapter 4: Study Watershed 
 Two watersheds in the Bluegrass Region of central Kentucky were chosen for this 
research study. The Upper South Elkhorn watershed is a third order, mixed land use 
watershed located near the cities of Versailles and Lexington, Kentucky. The Upper 
South Elkhorn watershed is shown in Figure 4.1. The Upper South Elkhorn creek drains 
agriculturally dominated areas to the west and south of the city of Lexington as well as 
the urban dominated areas in the southwest of the city. The Upper South Elkhorn 
watershed is approximately 62 km2 consisting of agricultural (57%) and urban (43%) 
land uses. The Upper South Elkhorn watershed has been the focus of sampling and 
monitoring since the early 1950’s, and has been heavily monitored since 2006. There is 
one active USGS station in the Upper South Elkhorn watershed at Fort Springs. An 
inactive USGS gage was also located within the watershed on Cave Creek. The Kentucky 
Division of Water (KDOW) has historically monitored nutrient, pathogen, metals, and 
sediment concentrations within the watershed. Nutrient levels, specifically phosphorous 
and nitrogen, have been monitored on a yearly basis since 2001, and have been monitored 
on a more regular basis since 2010.The Cane Run watershed is also a third order, mixed 
use watershed near the cities of Georgetown and Lexington, Kentucky. The Cane Run 
watershed is a coupled surface-subsurface drainage network due to the mature karst 
formations underlying the watershed (Figure 4.2). The Cane Run watershed drains 
agriculturally dominated areas between the cities of Lexington and Georgetown, 
Kentucky, as well as the urban areas of northern Lexington and southern Georgetown. 
The surface basin of the Cane Run watershed is approximately 96 km2, while the 
subsurface karst basin has an area of approximately 58 km2. The subsurface karst system 
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pirates water from the surface system through a series of sinkholes and swallet holes and 
ultimately drains to the Royal Spring outlet in Georgetown, Kentucky. The surface area 
that drains to this subsurface karst system is made up of agricultural (60%) and urban 
(40%) land uses. The Cane Run watershed has been studied and monitored significantly 
in the past. Major investigation has been conducted into the physical characteristics of the 
karstic groundwater systems in the Royal Springs Basin. The underground system has 
been mapped and studied for physical parameters such as travel times by the Kentucky 
Geological Survey using dye tracing techniques beginning in the 1980’s. More recently, 
the Kentucky Division of Water (KDOW) identified the Cane Run watershed as an 
impaired waterway.   
 These two systems were chosen for study under the scope of this research based 
on (i) their integration of multiple land use areas with well-documented nutrient 
generation potential; (ii) physiographic, geologic, and hydrologic features representative 
of similar watersheds on the local and regional scales; (iii) extensive study within the 
watersheds by previous researchers (University of Kentucky College of Engineering, the 
Kentucky Geological Survey, Lexington Fayette Urban County Government, etc.) as well 
as several concurrent and ongoing sampling and modelling projects being conducted 
within the watershed; and (iv) the relative ease of access and proximity of the watersheds 
to the University of Kentucky Campus and Kentucky Geological Survey laboratory 
facilities. 
4.1 Study Watershed Physiography 
 Both watersheds studied are located within the Inner Bluegrass Region of the 
Kentucky River Basin. This region is characterized by rolling hills with mild slopes and 
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lowlands (Kentucky Department of Fish and Wildlife Resources, 2013). Watersheds in this 
region and in this basin generally show high karst potential due to underlying limestone 
bedrock (Currens, 1998). This region is classified as a humid subtropical climate with 
approximately 1140 to 1270 mm of precipitation annually, and average temperatures of 
0.5°C (33°F) in winter to 24.5°C (76.2°F) in summer (Ulack et al., 1998.  
 The Upper South Elkhorn watershed is typical of similar sized watersheds within 
the region. The South Elkhorn creek in this watershed is a lowland stream; surrounding 
hillslopes are gently rolling and mild. The stream is approximately 17 km from the 
mainstem headwaters to the watershed outlet and has an average channel slope of 2.54 
m/km over this distance. The headwaters of the mainstem of the South Elkhorn creek 
originate in an agricultural region to the southwest of the city of Lexington and flows 
generally on the southwestern edge of the watershed towards the watershed outlet. Two 
significant tributaries originate to the northeast, one within the suburban areas of the city 
of Lexington and one in an agricultural area to the west of the city. The stream is 
primarily perennial with surface flow present year-round with little exception. The 
channel is mildly sinuous, and the channel bed is often bedrock, with reaches of 
cobble/stone, gravel, sands, and fine sediments. Streambanks generally exhibit 
established and vegetated riparian zones, while bank slopes are generally mild, with some 
instances of incised or steep banks and evident erosion. There is an active United States 
Geological Survey stream gaging station located at the watershed outlet that provides 
hydrologic data for the stream. Flowrate, stage, water temperature, and precipitation is 
available at the gaging station. During normal conditions, the discharge at the watershed 
outlet averages approximately 0.28 cubic meters per second. The National Oceanic and 
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Atmospheric Administration (NOAA) operate a climatological monitoring station at the 
Lexington Bluegrass Airport near the watershed outlet. Precipitation and air temperature 
data is available at this location. Yearly average temperatures range between 12.2°C to 
14.5°C (54°F to 58°F) while yearly average precipitation is 1150 mm, with 
approximately 330 mm falling as snow.     
 The surface system of the Cane Run watershed is physiographically similar to that 
of the Upper South Elkhorn watershed. The Cane Run creek in this watershed is a 
lowland stream, with gently rolling hillslopes. The stream is approximately 25 km from 
the mainstem headwaters to the watershed outlet and has an average channel slope of 
2.34 m/km over this distance. The headwaters of the mainstem of the Cane Run creek 
originate in the northern area of the city of Lexington and flows northwest towards the 
watershed outlet. The subsurface karst system drains the upstream reaches of the surface 
watershed through a series of karst sinkholes, and therefore surface reaches upstream of 
this subsurface system often run dry between precipitation events. The mainstem of the 
Cane Run creek downstream of the subsurface system outflow at Royal Spring maintains 
surface flow year round. A USGS gaging station is located at the spring outlet and 
provides hydrologic data for the stream. Flowrate and stage are available at the gaging 
station.  
4.2 Study Watershed Geology, Land Use, Soils 
 Both study watersheds are underlain with Lexington Limestone, which has 
potential for the development of karst landscape features (Currens, 1998). The Cane Run 
watershed has developed a mature subsurface karst system within this limestone layer, 
with numerous fractures and small conduits draining the surface through the surface 
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sinkholes and converging to a main subsurface conduit, which transports water to the 
Royal Spring outlet. Karst development within the Upper South Elkhorn watershed 
remains immature, with several small groundwater springs and other karst features 
evident. An estimated 15 percent of surface area in the watershed is subject to karst 
features.  
 Figure 4.3 displays the land uses for the Upper South Elkhorn Watershed. The 
Upper South Elkhorn watershed is approximately 62 km2 consisting of agricultural (57%) 
and urban (43%) land uses. Undeveloped land in the Upper South Elkhorn watershed 
consists of a majority of pasture land generally used for agricultural purposes, with areas 
of deciduous and mixed forest and shrub/scrub land. Dominant agricultural land use in 
the South Elkhorn watershed is livestock grazing, with a small percentage of land being 
used for cultivated row-crops. Land used for livestock grazing is largely made up of 
horse farms with a smaller number of cattle farms. Developed land in the Upper South 
Elkhorn watershed consists of a majority open space and low intensity developed area. 
Urban developed areas include largely residential portions of the city of Lexington and 
the Bluegrass Airport. Figure 4.4 displays the surface land uses for the Royal Spring 
subsurface basin extents. The subsurface karst basin has an area of approximately 58 km2 
and is made up of agricultural (60%) and urban (40%) land uses. This watershed is 
largely similar in land use to the Upper South Elkhorn watershed. However, a larger 
portion of the agricultural land is devoted to cultivated row-crops, while the Kentucky 
Horse Park represents a significant agricultural feature in this watershed. Urban areas 
include portions of northern Lexington and southern Georgetown. 
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 Silt loam soils, such as the Bluegrass-Murray silt loam make up the majority of 
the Upper South Elkhorn watershed soil matrix. These soils are considered to be deep, 
and are well drained with moderate permeability (NRCS, 2009). Similarly, the soils in the 
Royal Spring subsurface basin are also largely silt loam soils that are deep and well 
drained with moderate permeability.  
4.3 Study Watershed Hydrologic Processes, Nutrient Transport and Mechanics 
 Stream channels in the Upper South Elkhorn watershed are generally groundwater 
controlled and surface flow is present year round in the mainstem of the stream. The 
system also responds quickly to rainfall events with flashy hydrographs at the watershed 
outlet. Infiltration generally occurs in the agricultural areas of the watershed, including 
the headwaters of the mainstem and large portions of the downstream reaches. Runoff 
originating in the urban tributary within the city of Lexington can be poorly infiltrated 
due to the prevalence of impervious area in these developed areas. Quick delivery of this 
runoff to the stream channel contributes to the flashy nature of event response within this 
system. During events, large sediment loads are transported downstream, originating 
from various agricultural and urban sources. Upland and in-stream erosion is present 
within the system, including gulley, rill, and streambank erosion. During hydrograph 
recession and during low-flow periods suspended sediment concentrations are low. In the 
coupled Cane Run – Royal Spring surface-subsurface system, hydrologic processes are 
significantly more complicated. The surface system upstream of the subsurface outflow is 
primarily activated by rainfall events. During events, runoff originating upstream of this 
subsurface system outflow is first captured by the karst sinkholes and swallet holes, and 
only flows downstream after the subsurface conduits have been filled. The subsurface 
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systems drains to Royal Spring in Georgetown, Kentucky through a large conduit that 
runs northeast along the general path of the surface stream before the outlet.  
 Both the Upper South Elkhorn and Cane Run – Royal Spring watersheds, 
with their associated land use make-ups, are susceptible to elevated nutrient concentrations. 
The presence of pastureland and suburban areas with limestone bedrock promotes high 
background concentrations of bioavailable phosphorus and nitrogen, compared to 
undisturbed systems (Mulholland et al., 2008). High background nutrient levels, potential 
for added nutrients from livestock waste, lawn and row-crop fertilization, and urban waste 
sources, and potential for flushing of stored nutrient pools during events combine for 
increased potential for elevated nutrient transport from these watersheds. Through previous 
monitoring efforts, it is evident that high phosphorus and nitrogen values have historically 
existed in the Upper South Elkhorn watershed. With the historically high concentrations 
and a general record of satisfactory water quality, the assimilative capacity of this creek 
appears to be relatively high. The Upper South Elkhorn watershed is unique in the sense 
that background sources may play a major factor in nonpoint-source load allocation. The 
geology of the area is dominated by highly phosphatic limestone that creates a significant 
background source component. This background contribution can yield high 
concentrations of total phosphorus during runoff events, as well as during low-flow 
conditions. 
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Figure 4.1: Upper South Elkhorn Watershed 
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Figure 4.2: Cane Run Royal Spring Coupled Watershed 
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Figure 4.3: Upper South Elkhorn Watershed Land Uses 
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Figure 4.4: Royal Spring Watershed Land Uses 
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Chapter 5: Methodology 
5.1 Integrated Temporal Signal Decomposition 
 In order to study the hydrologic processes and export mechanics that control in-
stream nutrient concentrations and loadings transported within and out of a watershed, 
high-resolution in-situ sensors were implemented at the watershed outlets and operated 
continuously over the duration of the study period to monitor water quality. Sensor 
selection, placement, operation, and maintenance procedures were developed based on a 
review of available sensor technology, research needs, and contemporary sensor water 
quality monitoring methods. These included the Environmental Protection Agency 
protocols for Quality Assurance Project Plan development (EPA-240-B-01-003, 2001; 
EPA-240-B-06-001, 2006), United States Geological Survey procedures for continuous 
water quality monitors (Wagner et al., 2006). Continuous water quality monitoring with 
the utilization of contemporary sensor technology was conducted with the intent to 
analyze and characterize watershed hydrologic and nutrient export processes across a 
spectrum of flow conditions, and to characterize hydrologic event dynamics and 
associated nutrient responses. Ultimately, the collected temporal sensor nutrient and 
hydrologic data was intended for the decomposition of flow and nutrient loadings into 
end-member sources during hydrologic events. Sensor platforms were installed in the 
Upper South Elkhorn watershed near Lexington, KY and the Royal Spring outlet in 
Georgetown, KY (see Chapter 4 for a full description of the study watershed). 
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5.1.1 Integrated Temporal Data Collection and QA/QC 
5.1.1.1 Project Development 
 With the overarching ecological and economic concerns associated with excess 
nutrient loadings delivered into surface waters in mind, designs for in-situ continuously 
monitoring water quality sensor platforms were developed and installed into two local 
watersheds. The primary parameter chosen for monitoring was suspended dissolved 
nitrate, as nitrate is the dominant form of inorganic nitrogen in surface waters (Chapra, 
1997). Several sensor options for accurate, real-time measurement of nitrate in surface 
waters were found to be available. The SUNA V2 ultraviolet nitrate analyzer produced by 
Sea-Bird Coastal was chosen for installation on the sensor platforms for this study. The 
SUNA V2 is an optical nitrate sensor, using ultraviolet spectroscopy, in which light 
absorption at varying wavelengths is measured with an on-board spectrometer in order to 
determine nitrate concentration (Figure 5.1.1). The SUNA V2 may report concentrations 
as nitrate (NO3−) + nitrite (NO2−). However, nitrite is considered a transitional or 
intermediate form of nitrogen in stream systems along with organic forms of nitrogen, 
and are not stable forms in aerated stream water (Hem, 1985; Terrio et al., 2015). 
Therefore, all methods were developed and carried out, and results reported with the 
assumption that only inorganic nitrate is reported by the sensor measurements and 
discrete laboratory methods. 
  The SUNA V2 has a measurement range of 0.035 to 56 mg-N/L, with an 
accuracy of ±30% at the highest extent of this range (Table 5.1.1). Additional parameters 
collected at each location were water temperature, dissolved oxygen, pH, conductivity, 
and turbidity. Each of these parameters were measured at each platform location using a 
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designated Yellow Springs Inc. 6-Series Multiparameter Probe affixed to an associated 
YSI 6-Series sonde (Figure 5.1.2). Turbidity and dissolved oxygen were measured using 
optical sensor technology, while pH and conductivity were measured using sensor 
electrode technology, and temperature was measured with an on-board thermistor. 
Associated analytical specifications for each parameter is presented in Table 5.1.2. 
Additionally, soluble reactive phosphate, or dissolved orthophosphate, measurements 
were originally intended to be included in both sensor platform designs. However, 
operation of the HydroCycle-PO4 in-situ orthophosphate sensor was determined to be 
unfeasible logistically within the scope of the study.  
 Sensor platforms were designed and operated via SDI-12 connection using a 
Campbell Scientific CR-1000 Datalogger, which executed the operation script and stored 
collected data on-board until data collection was performed. Sensor platforms were 
powered by 12-volt, rechargeable batteries which were rotated as needed. The sensor 
platform at the Royal Spring location included a SUNA V2 nitrate sensor and a YSI 6600 
Multiparameter sonde with all associated parameter probes attached. The sensor platform 
was installed on the downstream side of a footbridge spanning the constructed channel 
downstream of the spring outlet at the City of Georgetown’s Water Treatment Plant. 
Figure 5.1.3 displays the sensor platform schematic for this site, while platform 
installation images can be found in Figure 5.1.4. Figure 5.14a displays the outlet of the 
Royal Spring and the constructed channel for the City of Georgetown’s water supply 
upstream of the footbridge where the sensor platform was installed. Figure 5.14b displays 
the constructed channel and control weir with the USGS monitoring station, as well as 
the water treatment plant settling pool. Figure 5.14c displays the fabricated sensor 
58 
 
platform before installation. Figure 5.1.4d displays the installed sensor platform. The 
sensor platform at the Upper South Elkhorn watershed outlet included a SUNA V2 nitrate 
sensor and two YSI 600 OMS sondes, one with on-board temperature and conductivity 
probes and an attached dissolved oxygen probe, and the other with an attached turbidity 
probe. A separate Campbell Scientific pH probe was installed at this site. The sensor 
platform was installed on the downstream side of the mid-stream bridge pier of Old 
Versailles Rd. Figure 5.1.5 displays the sensor platform schematic for this site, while 
platform installation images can be found in Figure 5.1.6. Figure 5.1.6a displays the 
Upper South Elkhorn sensor platform location, the downstream end of a midstream 
bridge pier. Figure 5.1.6b displays the downstream side of the bridge pier being surveyed 
for platform development. Figure 5.1.6c displays further surveying being done on the 
bridge pier. Figure 5.1.6d displays the installed sensor platform as well as the USGS 
sensor apparatus at the location. 
5.1.1.2 Integrated Temporal Data Collection 
 Both sensor platforms were operated continuously, with automated measurements 
taken at 15-minute intervals. Collected data was stored on the associated datalogger 
installed on both platforms. Stored data was collected by project personnel and offloaded 
from the respective datalogger onto a project laptop at regular intervals. Data was 
collected from each platform location every two weeks, alternating locations weekly. 
Data was offloaded from the datalogger via the associated LoggerNet software, provided 
with the Campbell Scientific dataloggers. Once data was offloaded from the dataloggers, 
files were subsequently saved and stored in designated data master files. Duplicate files 
were additionally saved to insure against data loss. Each time data was collected from a 
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platform, the battery powering the platform at that location was replaced with a fully 
charged battery, and the used battery was transported back to the University of Kentucky 
Department of Civil Engineering’s Hydraulics Lab and was subsequently recharged 
between site visits. 
 Secondary data parameters, including stream flow, stream stage, precipitation, 
and air temperature, were also collected at biweekly (every two weeks) intervals for both 
sensor platform locations. United States Geological Survey (USGS) stream gaging 
stations are located at both sensor platform sites. The USGS gage at the Upper South 
Elkhorn near Fort Springs, KY (USGS 03289000) has available stream discharge and 
stream stage measurements collected at 15-minute intervals for the duration of the study. 
The USGS gage at Royal Spring near Georgetown, KY (USGS 03288110) has available 
stream discharge and stream stage measurements collected at 15-minute intervals for the 
duration of the study. A National Oceanic and Atmospheric Administration 
climatological gaging station located at the Lexington Bluegrass Airport near the Upper 
South Elkhorn watershed outlet has available precipitation and air temperature 
measurements collected daily.  
 Hydrologic data collected for the 2018 water year was compared to historic 
hydrologic data for the Upper South Elkhorn watershed. Mean daily discharge and yearly 
precipitation values were collected for the past ten years of recorded data for the system, 
and compared to the averages for the 2018 water year to help qualify the results obtained 
from this study. However, because nitrate and additional parameter data is only available 
for the 2018 water year, definitive conclusions about the watershed’s yearly hydrologic 
statistics impact on nutrient export cannot be made. 
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5.1.1.3 Integrated Temporal Data Quality Assurance / Quality Control 
 Ensuring the quality of collected data was of utmost importance during the 
conductance of the temporal sensor water quality data collection process. Accurate time-
series data for all parameters is necessary for reliable and meaningful data analysis. A 
three branch quality assurance method was developed to ensure the correctness of data 
collected by the sensor platforms. First, timely and precise calibrations of all sensors was 
performed regularly. Second, a numerically based quality assurance flagging script was 
developed and implemented for all collected raw data files, and subsequent data 
correction procedures were developed for flagged or suspect data as necessary. Finally, 
discrete nitrate samples were collected at regular intervals for each platform site and 
analyzed in the Kentucky Geological Survey laboratory on the University of Kentucky 
campus for comparison with the measurements made by the sensors. Additionally, data 
for temperature, dissolved oxygen, conductivity, and pH was collected at the USGS 
gaging station located at the Upper South Elkhorn watershed outlet, and was available for 
download for periods within the project duration. This data was used for comparison to 
data collected at the Upper South Elkhorn sensor platform. This section describes the 
quality assurance procedures implemented to ensure the overall accuracy and verify the 
usability of the collected spatial nutrient data. 
Sensor Maintenance and Calibration Procedures 
 The sensors used in this study were calibrated and cleaned once monthly for the 
duration of the project. Sensors were removed from the field and returned to the 
University of Kentucky Department of Civil Engineering’s Hydraulics Lab for calibration 
and cleaning once per month on a rotation, coinciding with scheduled biweekly platform 
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data collection. After calibration and maintenance was completed, sensors were returned 
to the field. Procedures for the calibration of the SUNA V2 nitrate sensor were taken 
from the sensor manual (Sea-Bird Coastal, 2016) and procedures for the calibration of the 
YSI Multiparameter sondes were taken from the sensor manual (YSI, 2012). Detailed 
maintenance and calibration procedures are located in Appendix 5.1-B. 
Data Quality Assurance Script 
 A numerical data quality assurance script was developed based on a modified 
version of a similar script developed by the Georgia Coastal Ecosystems (GCE) LTER 
that was available for use online. This script, designed to be performed in MATLAB, 
analyzed raw data files collected directly from the datalogger on a biweekly basis, and 
yielded data flags for suspect or missing data points for each parameter. A total of five 
possible quality assurance flags were available to categorize suspect raw data points. 
Possible data flags included invalid range (I), questionable range (Q), percentage range 
(P), standard deviation range (S), and missing value (M). Data points flagged for an 
invalid range, defined by 
𝐼𝐼 = 𝑎𝑎 ≤ 𝑦𝑦 ≤ 𝑏𝑏            (Equation 5.1.1) 
where a is the lower limit of the valid range for a parameter, b is the upper limit of the 
valid range for a parameter, and y is each data value, fall outside of the possible range of 
values for each parameter as defined by the sensor detection limits. Data points flagged 
for a questionable range, defined by 
𝑄𝑄 = 𝑐𝑐 ≤ 𝑦𝑦 and/or 𝑦𝑦 ≤ 𝑑𝑑      (Equation 5.1.2) 
where c is the lower limit of the expected range for a parameter (𝑐𝑐 < 𝑎𝑎), d is the upper 
limit of the expected range for a parameter (𝑑𝑑 > 𝑏𝑏), fall outside of the expected range for 
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a given parameter, defined by the physical characteristics of each parameter. For 
example, temperature would not be expected to be negative, but under certain physical 
circumstances, it may be possible. Data points flagged for a percentage change, defined 
by 
𝑃𝑃 = 𝑦𝑦𝑠𝑠 ± %(𝑦𝑦�𝑠𝑠)          (Equation 5.1.3) 
where 𝑦𝑦𝑠𝑠 is each data point, and 𝑦𝑦�𝑠𝑠 is the mean of the preceding parameter values, are 
data values that are either greater than or less than a determined percentage of the average 
value of all preceding values for that parameter. A percentage change of 20% was chosen 
for data in this study, based on parameter value ranges of previously collected data. Data 
points flagged for a standard deviation range, defined by 
𝑆𝑆 = 𝜇𝜇𝑦𝑦 − 3𝜎𝜎𝑦𝑦 ≤ 𝑦𝑦 ≤ 𝜇𝜇𝑦𝑦 + 3𝜎𝜎𝑦𝑦                             (Equation 5.1.4) 
where 𝜇𝜇𝑦𝑦 is the mean of the parameter dataset, and 𝜎𝜎𝑦𝑦 is the standard deviation of the 
parameter dataset, are data values that are outside of three standard deviations of the 
parameter mean. This flag is to identify outlying data points. Missing value flags identify 
time-steps in which data is missing. Once raw data files were run through the data quality 
assurance script and relevant flags were assigned to data points, the data file was 
exported to and Excel sheet. 
 Based on the data flags generated in the data quality assurance script, steps were 
taken to either correct or eliminate flagged data. Data outside of the valid range was 
generally eliminated from the dataset. Data points with one of the questionable range, 
percentage change, or standard deviation range flags were either accepted or rejected as 
valid based on researcher judgement, taking into consideration physical conditions, such 
as weather, hydrological conditions, or potential interferences in the stream, in making a 
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decision. For missing data, or data points rejected based on one of the previous data flags, 
of an acceptable length of time (generally less  a few hours), data values were estimated 
using linear interpolation between the closest preceding and subsequent accepted data 
points. 
𝑦𝑦 = 𝑦𝑦1 + (𝑥𝑥 − 𝑥𝑥1) �𝑦𝑦2−𝑦𝑦1𝑥𝑥2−𝑥𝑥1�                                 (Equation 5.1.5) 
where y is the desired parameter value at the associated time-step, 𝑦𝑦1 is the known 
parameter value for the time-step preceding the desired value, 𝑦𝑦2 is the known parameter 
value for the time-step after the desired value, 𝑥𝑥1 is the time of the known parameter 
value preceding the desired value, and 𝑥𝑥2 is the time of the known parameter value after 
the desired value. For instances in which noticeable parameter drift occurred, this drift 
was corrected by subtracting the slope of the drift from the data values within the range 
of drifting values. 
Data Comparison and Discrete Sample Collection 
 Discrete samples for dissolved nitrate as nitrogen were collected monthly during 
the operation of the sensor platforms at both sites as a part of the spatial signal source 
decomposition study. These samples were analyzed in the Kentucky Geological Survey 
laboratory on the University of Kentucky campus. Grab sampling and laboratory analysis 
procedures are defined in Section 5.2. Resulting nitrate as nitrogen concentration values 
were compared to the concentrations reported by the sensors at the respective platform 
site at the time the grab samples were collected. The additional water quality parameter 
values collected by the sensor platform located at the Upper South Elkhorn watershed 
outlet were compared to associated parameter values collected by the United States 
Geological Survey at their gaging station located at the same site for times when both 
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sources were available. Sensor data was plotted against both discrete sampling data for 
nitrate as nitrogen, and against USGS reported values for temperature, dissolved oxygen, 
conductivity, and pH. Regression analysis was performed to determine the coefficient of 
determination for the sensor data as 
𝑅𝑅2 = ��1
𝑛𝑛
� ∗ �
(𝑥𝑥𝑖𝑖−?̅?𝑥)+(𝑦𝑦𝑖𝑖−𝑦𝑦�)
�𝜎𝜎𝑥𝑥∗𝜎𝜎𝑦𝑦�
��
2
                               (Equation 5.1.6) 
where n is the number of observations, 𝑥𝑥𝑠𝑠 is the value of the sensor data from 1 = 1:𝑛𝑛, ?̅?𝑥 
is the mean of the sensor data values, 𝑦𝑦𝑠𝑠 is the value of the duplicate data from 1 = 1:𝑛𝑛, 
𝑦𝑦� is the mean of the duplicate values, 𝜎𝜎𝑥𝑥 is the standard deviation of the original data, and 
𝜎𝜎𝑦𝑦 is the standard deviation of the duplicate data.  
5.1.2 Integrated Temporal Data Analysis 
5.1.2.1 General Signal Composition Analysis 
 Continuous water quality monitoring with the utilization of contemporary sensor 
technology was conducted with the intent to analyze and characterize watershed 
hydrologic and nutrient export processes across a spectrum of flow conditions, and to 
characterize hydrologic event dynamics and associated nutrient responses. Sensor data 
collected beginning in the summer of 2017 and ending in the summer of 2018 was used 
for the conductance of this study and analysis. 
 Parameter mean, standard deviation, and variance were calculated for each 
collected parameter, including stream discharge, and at the Upper South Elkhorn sensor 
platform location for the full year as well as seasonally. Seasons were defined as summer 
2017 (July 2017 – September 2017), fall 2017 (October 2017 – December 2017), winter 
2018 (January 2018 – March 2018), and spring 2018 (April 2018 – June 2018). Monthly 
and seasonal watershed averages, standard deviations, and variances were also calculated. 
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𝜇𝜇 = 𝛴𝛴𝑥𝑥
𝑛𝑛
                                               (Equation 5.1.7) 
𝜎𝜎 = �𝛴𝛴|𝑥𝑥−𝜇𝜇|2
𝑛𝑛−1
                                         (Equation 5.1.8) 
𝜎𝜎2 = 𝛴𝛴|𝑥𝑥−?̅?𝑥|2
𝑛𝑛−1
                                          (Equation 5.1.9) 
where 𝜇𝜇 is the parameter mean, x is the parameter value, n is the total number of values, 
𝜎𝜎 is the parameter standard deviation, and 𝜎𝜎2 is the parameter variance. Nitrate loadings 
were calculated at both locations at 15-minute intervals as  
𝐿𝐿 = �𝑄𝑄×𝐶𝐶×2.2046∗10−6� 𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚�
0.001� 𝐿𝐿
𝑚𝑚3
�
� × 60 � 𝑠𝑠
min
� × 15 min             (Equation 5.1.10) 
where L is the load (𝑙𝑙𝑏𝑏) for each 15-minute interval, Q is the USGS reported discharge (𝑚𝑚3/𝑠𝑠), and C is the nitrate as nitrogen concentration (𝑚𝑚𝑚𝑚 −𝑁𝑁/𝐿𝐿). Discharge values 
taken from the USGS stream gaging stations were reported in cubic feet per second. 
Therefore the following conversion was made for all discharge values at both locations. 
𝑄𝑄 �
𝑚𝑚3
𝑠𝑠
� = 𝑄𝑄 �𝑓𝑓𝑡𝑡3
𝑠𝑠
� × 0.02832 𝑚𝑚3
𝑓𝑓𝑡𝑡3
                      (Equation 5.1.11) 
Average loadings were calculated seasonally and for the study year as a whole for the 
Upper South Elkhorn location. Additionally, loadings were separated into event and low-
flow categories to compare export processes for both watersheds.  
 Monthly, seasonal, and moving average trends were determined and plotted for 
nitrate at both locations. Diel patterns were determined for each parameter. Average diel 
nitrate loss was determined for days in which diel cycling was observed. Figures 5.1.7-
5.1.10 display the method for daily loss determination, modified from Burns et al., 2016. 
For a series of consecutive days in which diel nitrate as nitrogen cycling was observed to 
have occurred (Figure 5.1.7), data for those days was isolated and plotted as shown. Any 
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overall trend in the series was removed by determining the equation of the trend slope 
from the raw concentration data (Figure 5.1.8) 
𝑦𝑦′ = 𝑦𝑦 − (𝑚𝑚𝑥𝑥 + 𝑏𝑏)                                   (Equation 5.1.12) 
where 𝑦𝑦′ is the detrended data point, 𝑦𝑦 is the raw data point, 𝑚𝑚𝑥𝑥 + 𝑏𝑏 is the equation of 
the trend line where m is the line slope and b is the vertical intercept. The detrended data 
was then plotted (Figure 5.1.9), and the maximum concentration for each day was 
determined (𝑁𝑁𝑑𝑑𝑚𝑚𝑠𝑠𝑥𝑥). A linear line was then plotted between the determined daily 
maximums (Figure 5.1.10), and the daily loss was calculated as the average value of the 
difference between the value of the interpolated line and the detrended concentration 
value at each time step  
𝑁𝑁�𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠 = 𝛴𝛴�𝑁𝑁𝐿𝐿𝑚𝑚𝑚𝑚𝑥𝑥−𝑁𝑁𝑖𝑖�𝑛𝑛𝑑𝑑                                     (Equation 5.1.13) 
where 𝑁𝑁�𝑠𝑠𝑙𝑙𝑠𝑠𝑠𝑠 is the average daily loss, 𝑁𝑁𝐿𝐿𝑚𝑚𝑠𝑠𝑥𝑥 is the value of the interpolated maximum line 
at each time step, 𝑁𝑁𝑠𝑠 is the detrended concentration value at each time step, and 𝑛𝑛𝑑𝑑 is the 
number of time steps for each day. 𝑛𝑛𝑑𝑑  was generally equal to 96 for a full 24 hour day of 
data collected at 15-minute intervals, with some days having less than 96 concentration 
data points for missing data or adverse data patterns.  
 Parameter behavior across the full range of observed flow regimes was then 
examined. Relationships between each parameter and discharge were determined at both 
sensor platform sites by plotting each parameter against the associated discharge data 
taken from the USGS gaging stations at both locations for all time steps. Discharge data 
was then sorted from minimum discharge value to maximum discharge value with 
associated parameter values attached. Discharge magnitudes were then binned into 12 
flow regimes based on relative occurrences of each bin magnitude, and averaged 
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parameter value curves were developed based on the flow regimes by calculating the 
average value of each parameter occurring within each associated flow regime bin.  
5.1.2.2 General Event Characterization 
 Events with increased discharge due to rainfall were of particular interest in this 
study due to the increased potential for constituent export during storm events. An event 
was defined for this study as any identifiable hydrograph with a clear rising limb and 
subsequent falling limb reasonably uninterrupted by previous or subsequent variations in 
discharge, with a peak discharge greater than the twice the local discharge average value. 
For each identified event at both locations, parameter values were plotted along with 
discharge hydrographs, and these plots were examined for discernable typical event 
responses for each parameter.  
 The response of nitrate concentrations to increased discharge events were of 
particular interest. Therefore an intensive investigation into nitrate event response 
dynamics was conducted for each identified event at both sensor platform locations. For 
each event, several characteristics of both the discharge hydrograph and the nitrate 
concentration curve were identified. Table 5.1.3 lists the event characteristics that were 
identified for each event and used for event characterization analysis. Most of the listed 
characteristics were determined operationally through an examination of the event time 
series plots, while some characteristics were calculated. The time-lag of nitrate 
concentration response to an increased discharge event was calculated as 
𝑇𝑇𝐿𝐿𝑠𝑠𝑎𝑎 = 𝑇𝑇𝑄𝑄𝑖𝑖 − 𝑇𝑇𝑁𝑁𝑖𝑖                                      (Equation 5.1.14) 
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where 𝑇𝑇𝐿𝐿𝑠𝑠𝑎𝑎 is the time of lagged nitrate concentration response, 𝑇𝑇𝑄𝑄𝑖𝑖 is the time step of 
incipient discharge increase (i.e. the beginning of the storm event), and 𝑇𝑇𝑁𝑁𝑖𝑖 is the time 
step of incipient concentration change. Total event volume is calculated as 
𝑉𝑉(𝑚𝑚3) = 𝛴𝛴 �𝑄𝑄𝑠𝑠 �𝑚𝑚3𝑠𝑠 � × 60 � 𝑠𝑠𝑚𝑚𝑠𝑠𝑛𝑛� × 15 𝑚𝑚𝑚𝑚𝑛𝑛�                (Equation 5.1.15) 
where V is the volume of the full event and 𝑄𝑄𝑠𝑠 is the reported discharge at each 15-minute 
time step. Flush volume for each event was calculated as 
𝑉𝑉𝐹𝐹(𝑚𝑚3) = 𝛴𝛴 �𝑄𝑄𝐶𝐶𝑖𝑖 �𝑚𝑚3𝑠𝑠 � × 60 � 𝑠𝑠𝑚𝑚𝑠𝑠𝑛𝑛� × 15 𝑚𝑚𝑚𝑚𝑛𝑛�               (Equation 5.1.16) 
where 𝑉𝑉𝐹𝐹 is the volume of water discharged during the event prior to incipient nitrate 
concentration change, and 𝑄𝑄𝐶𝐶𝑖𝑖 are the reported discharge values prior to incipient nitrate 
concentration change. The listed event characteristics were compared by plotting each 
characteristic against each other to determine correlation and further characterize the 
identified events.   
5.1.2.3 Event Signal Decomposition 
 Sensor data was collected in order to study the hydrologic processes and export 
mechanics that control in-stream nutrient concentrations and loadings transported within 
and out of a watershed. Ultimately, the collected temporal sensor nutrient and hydrologic 
data was intended for the decomposition of flow and nutrient loadings into 
nonconservative end-member sources during hydrologic events. Analysis was conducted 
to characterize identified events in a more general sense, as described in the previous 
section. A further investigation of event constituent export mechanics and dynamics 
between events was subsequently performed. Eleven events that occurred in the Upper 
South Elkhorn watershed were selected for intensive investigation within this analysis 
procedure. Events from the Upper South Elkhorn watershed were the focus of this 
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analysis because end-member sources are more readily identifiable for the surface 
controlled nature of this drainage basin, while the coupled surface-subsurface drainage 
basin that exists in the Royal Spring watershed introduces highly dynamic end-member 
flow sources and timing. The eleven events selected were identified based on the 
availability of all or most constituent data for each event with little or no missing data 
values. Each event was reasonably isolated, with little apparent interference from adverse 
discharge conditions immediately prior to or after the event hydrographs. Events selected 
were representative of the full range of the flow regimes occurring in the watershed 
during the study period.  
 The decomposition expression is too complex at this point, and must be 
constrained before end-member nitrate concentrations can be determined. A three part 
analysis method was developed to qualitatively and quantitatively characterize 
constituent event responses and to determine end-member flow and constituent sources. 
The first step in this analysis method was a general, semi-quantitative hysteresis analysis 
of the constituent event responses using a series of developed hysteresis descriptors. 
Second, developed hysteresis descriptors were used to characterize and constrain the 
event end-member flow source decomposition expression (Equation 2.1). Finally, a 
numerical decomposition model script was executed for each event using relevant 
parameter data to decompose the event discharge and nitrate concentration signals into its 
nonconservative end-member sources, event quick flow runoff and slowflow soil plus 
groundwater. 
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5.1.2.3.1 General Hysteresis Method 
 Investigation of the event dynamics of the study watershed and the effects of 
increased discharge on constituent transport and processing was furthered by the 
construction and analysis of hysteresis curves. For hydrological purposes, hysteresis 
defines the time-variant relationship between constituent concentration and discharge 
magnitudes over the duration of a storm event. A hysteresis curve or loop, which results 
from plotting the event concentration against the event discharge, can be used to infer 
underlying physical event export processes. Hysteresis curves were constructed for each 
relevant parameter during each selected event. 
 In order to construct these curves, discharge and parameter concentration data for 
each event was first normalized according to the parameter range over the course of the 
event, as displayed 
?̂?𝐶𝑠𝑠
𝑗𝑗 = 𝐶𝐶𝑖𝑖𝑗𝑗−𝐶𝐶𝑚𝑚𝑖𝑖𝑚𝑚𝑗𝑗
𝐶𝐶𝑚𝑚𝑚𝑚𝑥𝑥
𝑗𝑗 −𝐶𝐶𝑚𝑚𝑖𝑖𝑚𝑚
𝑗𝑗                (Equation 5.1.17) 
𝑄𝑄𝚤𝚤� = 𝑄𝑄𝑖𝑖−𝑄𝑄𝑚𝑚𝑖𝑖𝑚𝑚𝑄𝑄𝑚𝑚𝑚𝑚𝑥𝑥−𝑄𝑄𝑚𝑚𝑖𝑖𝑚𝑚                                     (Equation 5.1.18) 
where Equation 5.1.17 describes the method for the normalization of the individual 
parameter concentrations, with ?̂?𝐶𝑠𝑠
𝑗𝑗  as the normalized concentration value for parameter j 
at time i, 𝐶𝐶𝑠𝑠
𝑗𝑗  as the collected concentration value for parameter j at time i, 𝐶𝐶𝑚𝑚𝑠𝑠𝑛𝑛
𝑗𝑗  as the 
minimum concentration value for parameter j occurring during the event, and 𝐶𝐶𝑚𝑚𝑠𝑠𝑥𝑥
𝑗𝑗  as the 
maximum concentration value for parameter j occurring during the event. Similarly, 
Equation 5.1.18 describes the normalization of event discharge, with 𝑄𝑄𝚤𝚤�  as the normalized 
discharge value at time i, 𝑄𝑄𝑠𝑠 as the collected discharge value at time i, 𝑄𝑄𝑚𝑚𝑠𝑠𝑛𝑛 as the 
minimum discharge value occurring during the event, and 𝑄𝑄𝑚𝑚𝑠𝑠𝑥𝑥 as the maximum 
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discharge value occurring during the event. Normalized data were then plotted, with 
discharge data as the independent variable (x-axis) and concentration data as the 
dependent variable (y-axis), resulting in a completed event hysteresis curve (Figure 
5.1.11). 
 Subsequent to the development of hysteresis loop plots for each identified storm 
event, a procedure for the semi-quantitative analysis of the hysteresis loops was 
developed and performed to help elucidate the underlying physical event export 
processes represented by the hysteresis loops. A series of seven quantitative or semi-
quantitative descriptor metrics, either identified based on a review of existing methods 
reported in the literature or developed based on a review of the constructed hysteresis 
loops for this system, was compiled and implemented to further characterize the resultant 
concentration-discharge relationships that occur for this system. The series of descriptor 
metrics include hysteresis loop shape, loop direction, loop trend, loop area, loop 
curvature, loop closure, and loop time-lag. Included below is the definition of each loop 
descriptor and method for the calculation or determination of each for a given event 
hysteresis curve. 
Hysteresis Loop Direction: 
 In performing the developed semi-quantitative analysis of event hysteresis 
relationships, the loop direction was the first descriptor to be determined. The direction of 
a hysteresis loop here refers to the dominant rotational pattern exhibited by the loop, if 
any, during the local period of increased discharge. The major species of hysteresis loop 
direction are clockwise, counter-clockwise, and single line (Figure 5.1.12). Loops 
yielding these directional patterns are easily identifiable and elucidate basic yet important 
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information regarding the constituent dynamics in a watershed. Each of these directional 
options (Clockwise, Counter-Clockwise, and Single-Line) are defined by time-variant 
dynamics in the discharge-concentration relationship over the course of an event. 
Specifically, where and when the local concentration extrema, either a concentration 
minimum due to a dilution or a concentration maximum due to an accretion during an 
event, occurs relative to the event hydrograph peak.  
 Hysteresis loop direction was quantified by calculation of a hysteresis index (HI) 
for the loop for a given event (Lloyd et al., 2016a, b).  The hysteresis index was 
calculated as follows: 
𝐻𝐻𝐼𝐼𝑄𝑄𝑖𝑖 = 𝐶𝐶𝑅𝑅𝐿𝐿𝑄𝑄𝑖𝑖 − 𝐶𝐶𝐹𝐹𝐿𝐿𝑄𝑄𝑖𝑖                                   (Equation 5.1.19) 
where 𝑄𝑄𝑠𝑠 is the discharge at the 𝑚𝑚𝑡𝑡ℎ percentile of total normalized discharge for the event, 
𝐶𝐶𝑅𝑅𝐿𝐿𝑄𝑄𝑖𝑖  is the concentration corresponding to the designated discharge on the rising limb of 
the hydrograph, and 𝐶𝐶𝐹𝐹𝐿𝐿𝑄𝑄𝑖𝑖  is the concentration corresponding to the designated discharge 
on the falling limb of the hydrograph. This parameter was calculated at each tenth 
percentile of the normalized discharge for each hysteresis loop and averaged to yield an 
event hysteresis index value. The hysteresis index is a measure of the directional pattern 
of the hysteresis loop and yields a numerical point for comparison of events and 
responses. The Hysteresis Index can vary between -1 and 1 for normalized event data, 
with positive values (HI > 0) denoting clockwise loop direction and negative values (HI < 
0) denoting counter-clockwise loop direction. Near zero values indicate a single-line 
response, as the linear relationship between concentration and discharge results in 
identical concentrations for the relevant discharge on both the rising and the falling limb 
of the hydrograph. Hysteresis Indices with greater magnitudes (i.e. closer to 1 or -1) 
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indicate increasingly clockwise or counter-clockwise behavior. A single-line relationship 
between discharge and concentration during an event is indicative of a lack of hysteresis, 
but remains a common response for certain constituents and watershed or event 
characteristics. This type of loop pattern occurs when the constituent concentration is 
constant for a given magnitude of discharge on both the rising and falling limb of a 
hydrograph. 
Hysteresis Loop Trend: 
  Next, the hysteresis loop trend was determined for each constructed loop. The 
trend of a hysteresis loop defines the overall tendency of the constituent concentration to 
increase or decrease over the course of the hydrologic event. Evans & Davies (1999) first 
identified the trend of a loop as a relevant hysteresis descriptor. Here, events that result in 
net increases in concentrations are referred to as accretion events or flushing source 
events, while events that result in net decreases in concentrations are referred to as 
dilution events or exhausting source events (Figure 5.1.13). Hysteresis loop trend can be 
quantified by the flushing index (FI), which is a measure of the net change in 
concentration between the beginning of the event and the peak magnitude discharge. 
Vaughan et al (2017) first introduced the flushing index, calculated as shown 
𝐹𝐹𝐼𝐼 = 𝐶𝐶𝑄𝑄𝑝𝑝 − 𝐶𝐶𝑄𝑄𝑜𝑜                                     (Equation 5.1.20) 
where 𝐶𝐶𝑄𝑄𝑝𝑝 is the concentration of a given constituent at the maximum (peak) discharge 
magnitude for an event, and 𝐶𝐶𝑄𝑄𝑜𝑜 is the concentration of a given constituent at the 
beginning of an event, i.e. the pre-event concentration. The flushing index can vary 
between 1 and -1. Positive values indicate an accreting or flushing source event, negative 
values indicate a diluting or exhausting source event, and values near or at zero indicate a 
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stable or balanced event, with either no discernable predominate concentration trends or 
equal periods of accretion and dilution over the course of the event. However, in practice, 
perfect stable event responses are decidedly rare, therefore, a loop with a flushing index 
between -0.1 and 0.1 was ostensibly considered a stable loop trend (taken from Butturini 
et al., 2008). A flushing index of 1 indicates that the concentration extrema of an 
accreting event (concentration maximum) occurs coincidently with the discharge peak for 
the event. A flushing index of -1 indicates that the concentration extrema of a diluting 
event (concentration minimum) occurs coincidently with the discharge peak for the event.  
 Additionally, given that slower flowing groundwater generally dominates pre-
event and post-event streamflow for perennial streams, and that event quickflow may be 
further categorized into surface quickflow and shallow subsurface quickflow, the relative 
concentrations of these components might also be estimated based on the hysteresis loop 
trend. However, these estimations are not altogether universal and instead are dependent 
on each watershed and its respective characteristics and processes. 
Hysteresis Loop Area: 
 Next, the hysteresis loop area was calculated for each constructed loop. The area 
of a hysteresis loop is a quantitative measure of the magnitude of the loop. The area was 
calculated as the integral of the rising limb concentration less the integral of the falling 
limb concentration. This integral was calculated at 10 intervals of normalized discharge 
(dQ) 
𝐴𝐴 = ∫ 𝐶𝐶𝑅𝑅𝐿𝐿 𝑑𝑑𝑄𝑄𝑄𝑄𝑝𝑝𝑄𝑄𝑖𝑖 − ∫ 𝐶𝐶𝐹𝐹𝐿𝐿 𝑑𝑑𝑄𝑄𝑄𝑄𝑓𝑓𝑄𝑄𝑝𝑝                            (Equation 5.1.21) 
where 𝐶𝐶𝑅𝑅𝐿𝐿 is the concentration curve for the rising limb, 𝐶𝐶𝐹𝐹𝐿𝐿 is the concentration curve 
for the falling limb, 𝑄𝑄𝑠𝑠 is the initial discharge at the beginning of the event loop, 𝑄𝑄𝑠𝑠 is the 
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maximum, or peak, discharge, and 𝑄𝑄𝑓𝑓 is the final discharge at the end of the event loop. 
Butturini et al., (2008) first introduced the calculation of a hysteresis loop area, where 
area of the resulting loops was calculated as defined above. The area of a hysteresis loop 
is determined by the magnitude of the concentration variance during the event, or the 
range of the concentration; as well as the relative concentration at corresponding 
discharge values for the rising and falling limbs of the hydrograph. The area is closely 
related to the hysteresis index, specifically for single-loop hysteresis events. The 
magnitude of the loop area determines the classification of the loop as exhibiting either a 
strong hysteresis or a weak hysteresis (Figure 5.1.14). Area was calculated for single-
loops, and single-direction double-loops. To calculate the area of a figure-8 double-loop, 
two area values, 𝐴𝐴1 and 𝐴𝐴2, were defined for the two distinct portions of the loop. 
Corresponding directional factors, 𝑅𝑅1 and 𝑅𝑅2, each with the sign corresponding to the 
clockwise or counter-clockwise portion of the loop (1 for clockwise loops and -1 for 
counter-clockwise loops), were assigned and factored with the areas and summed 
(Butturini et al., 2008). The resulting value, either positive or negative, designated the 
dominant direction of the figure-8 loop, with the absolute value of the two areas yielding 
the total magnitude of the loop. A strong loop indicates a clear temporal concentration 
variation and a clear hysteresis loop direction designation. Hysteresis loops were denoted 
as being “strong” when the calculated loop area is relatively large. A weak loop may not 
indicate clear temporal concentration variation or a clear hysteresis loop direction 
designation. Hysteresis loops are denoted as being “weak” when the calculated loop area 
is relatively small. A threshold metric was adopted to differentiate between hysteresis 
loops with a strong area, a weak area, and a single-line response. A threshold area 
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calculation with values greater than ± 0.5 were considered a strong loop, area values 
between  and ± 0.5 were considered a weak loop, and area values falling between ± 0.1 
were considered a single-line response (Butturini et al., 2008).  
Hysteresis Loop Shape: 
 Next, the loop shape was determined for each constructed loop. The shape of the 
hysteresis loop here refers to the general form taken by the event response curve. 
Williams, 1989, and Evans & Davies, 1998, were among the first authors to attempt to 
characterize loops based on generalized loop shapes, with subsequent authors expanding 
upon and varying this work to help define their own hysteresis loops. Here, the possible 
loop shapes that hysteresis loops can occur as consists of single loop hysteresis, two-
direction double loop (figure-8) hysteresis, single-direction double loop hysteresis, and 
complex loop hysteresis (Figure 5.1.15).  
 Single loop hysteresis is the typical representation of hysteresis responses to 
discharge events. A single loop event is one with a single identifiable hysteresis direction 
(i.e. clockwise, counter-clockwise, single-line). Double loop hysteresis loops can be 
identified as an event concentration response exhibiting multiple individual loops or 
general loop patterns occurring during a single event response. Concentration curves of 
these double-loop event responses experience multiple extrema, either maximums or 
minimums. Double-loop hysteresis responses can occur as single-direction double loops, 
or as two-direction double loops. Single-direction loops occur when a second distinct 
loop direction is present for the event response curve, but the overall loop direction is 
constant. This can occur in either the rising or the falling limb of the hydrograph. Two-
direction, or opposing-direction, double loops occur when a second distinct loop direction 
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is present for the event response curve, which changes the overall direction of the 
hysteresis loop. This type of double loop can also be referred to as a figure-of-eight loop 
(Williams 1989, etc.). It is frequently possible for an event response loop to fall outside 
of a definable category or descriptor. These complex, or no-hysteresis “loops” are then 
considered a category of their own. A complex hysteresis response occurs when a 
qualitative examination of the concentration-discharge plot is unable to identify many or 
any of the available hysteresis descriptors.  
 In order to determine the predominant loop shape for each constructed hysteresis 
loop, several additional characteristic parameters were determined or calculated. First, if 
a single-direction double loop pattern was determined to be present, qualitatively through 
loop examination, the maximum difference in concentration at a single corresponding 
discharge percentile was determined 
∆𝐶𝐶𝑇𝑇 = max (𝐶𝐶𝑄𝑄𝑖𝑖𝑅𝑅𝐿𝐿 − 𝐶𝐶𝑄𝑄𝑖𝑖𝐹𝐹𝐿𝐿)                            (Equation 5.1.22) 
where ∆𝐶𝐶𝑇𝑇 is the maximum difference in concentration at a single corresponding 
discharge percentile, 𝐶𝐶𝑅𝑅𝐿𝐿𝑄𝑄𝑖𝑖  is the concentration corresponding to the designated discharge 
on the rising limb of the hydrograph, and 𝐶𝐶𝐹𝐹𝐿𝐿𝑄𝑄𝑖𝑖  is the concentration corresponding to the 
designated discharge on the falling limb of the hydrograph. Next, the magnitude of the 
deviation from the original loop concentration was determined 
∆𝐶𝐶𝐿𝐿′ = max(𝐿𝐿′) − ext (𝐿𝐿)                             (Equation 5.1.23) 
where ∆𝐶𝐶𝐿𝐿′ is the concentration magnitude of the second distinct loop (L’), and ext(L) is 
the extrema, either minimum or maximum, occurring on the corresponding limb of the 
total hysteresis loop as the secondary loop (L’). These calculated parameters were then 
used to determine the occurrence of a distinct single direction double loop. If the 
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concentration magnitude of the second distinct loop (∆𝐶𝐶𝐿𝐿′) was determined to be greater 
than 25% of the magnitude of the total loop (∆𝐶𝐶𝑇𝑇), the loop was determined to be a 
single-direction double-loop.  
∆𝐶𝐶𝐿𝐿 > 0.25(∆𝐶𝐶𝑇𝑇)                                   (Equation 5.1.24) 
The threshold ratio (for this study 0.25) was determined empirically and semi-
qualitatively based on the resulting hysteresis loops analyzed. If a two-direction, or 
figure-8, double-loop was determined to be present, qualitatively through loop 
examination, the area corresponding to each distinct loop was calculated. If the calculated 
area of the smaller distinct loop was determined to be greater than 10% of the larger 
distinct loop, then the hysteresis loop was determined to be a two-direction, or figure-8, 
double-loop.  
𝐴𝐴2 > 0.1(|𝐴𝐴1 + 𝐴𝐴2|)                                      (Equation 5.1.25) 
The threshold ratio (for this study 0.1) was determined empirically and semi-qualitatively 
based on the resulting hysteresis loops analyzed. If a qualitatively defined double-loop, 
either single- or two-directional, failed to meet the relevant corresponding threshold 
presented in Equation 5.1.24 or Equation 5.1.25, the loop was determined to be a single-
loop. Additionally, loop that were not qualitatively defined to be potential double-loops 
were considered to be single loops. 
Hysteresis Loop Curvature: 
 Next, the loop curvature was determined for each constructed loop. Here, the 
curvature of a hysteresis loop refers to the relative concavity of the loop shape. A 
hysteresis loop was said to exhibit a curvature if either limb is fully or significantly 
concave, resulting in an oblong, or an ellipsoidal, shape. Evans & Davies (1999) first 
79 
 
introduced hysteresis loop curvature as a metric to determine relative concentrations of 
contributing end member sources throughout the event curve. Curvature in hysteresis 
loops was defined as either concave-up, where the loop is concave towards increasing 
concentration values; or concave-down, where the loop is concave towards decreasing 
concentration values (Figures 5.1.16 and 5.1.17).  
 Concavity or curvature was determined by examining the relative duration of the 
nutriograph (or event concentration curve) curve compared to the hydrograph curve. 
Williams (1989) refers to this as the spread of the respective curves.   ∆𝑇𝑇𝑄𝑄 = 𝑇𝑇𝑄𝑄𝑓𝑓 − 𝑇𝑇𝑄𝑄𝑖𝑖                                     (Equation 5.1.26) 
∆𝑇𝑇𝐶𝐶 = 𝑇𝑇𝐶𝐶𝑓𝑓 − 𝑇𝑇𝐶𝐶𝑖𝑖                                      (Equation 5.1.27) 
where, the duration of the respective event curves were characterized by the terms ∆𝑇𝑇𝑄𝑄,𝐶𝐶 
which describes the duration of the hydrograph (Q) or the duration of the concentration 
curve (C), and 𝑇𝑇𝑄𝑄,𝐶𝐶𝑝𝑝 which defines the timing of curve extrema values in discharge (𝑄𝑄𝑠𝑠), 
or concentration (𝐶𝐶𝑠𝑠). Determination of theoretical loop curvature, as determined by 
Equation 5.1.26 and Equation 5.1.27, was performed by referring to Table 5.1.4. 
 Loop curvature was also determined using slopes of the hysteresis curves. Plots of 
the hysteresis loops were divided into four quartiles, delineated by 𝑄𝑄50, or the 50th 
percentile of peak discharge, on both the rising and the falling limbs of the hysteresis 
loop; as well as 𝑄𝑄𝑠𝑠, or peak discharge. The average slope of each quartile was calculated 
by plotting a trend line for the line segment making up the respective quartile of the 
hysteresis loop. The average slopes for the concentration-discharge curve for discharge 
magnitudes above and below 𝑄𝑄50 were then calculated 
𝑆𝑆1 = 𝑆𝑆1,1+𝑆𝑆1,22                                        (Equation 5.1.28)  
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𝑆𝑆2 = 𝑆𝑆2,1+𝑆𝑆2,22                                        (Equation 5.1.29) 
where 𝑆𝑆1 is the average slope of the hysteresis curve for event discharges less than 𝑄𝑄50, 
𝑆𝑆2 is the average slope of the hysteresis curve for event discharges greater than than 𝑄𝑄50, 
𝑆𝑆1,1 is the slope of the first quartile of the hysteresis loop, from the beginning of the event 
to 𝑄𝑄50 on the rising limb, 𝑆𝑆1,2 is the slope of the fourth quartile of the hysteresis loop, 
from the 𝑄𝑄50 on the falling limb to the end of the event, 𝑆𝑆2,1 is the slope of the second 
quartile of the hysteresis loop from  𝑄𝑄50 on the rising limb to 𝑄𝑄𝑠𝑠, and 𝑆𝑆2,2 is the slope of 
the third quartile of the hysteresis loop, from 𝑄𝑄𝑠𝑠 to 𝑄𝑄50 on the falling limb of the event. 
The resulting values were compared to determine the relative difference as follows: % 𝐷𝐷𝑚𝑚𝐷𝐷𝐷𝐷. = |𝑆𝑆1−𝑆𝑆2|(𝑆𝑆1+𝑆𝑆2)
2
× 100                                (Equation 5.1.30) 
If the resulting difference is greater than 50 %, then the hysteresis curve was considered 
to be significantly different and the curve was considered to exhibit curvature. 
Hysteresis Loop Closure: 
 Next, the loop closure was determined for each constructed loop. Closure refers to 
the net difference between pre-event and post-event concentrations of a given parameter. 
A hysteresis loop can occur as a closed loop if the pre- and post-event concentrations are 
similar, or an open loop if the pre- and post-event concentrations are different (Figure 
5.1.18). The difference in pre-event and post-event concentration was calculated as 
∆𝐶𝐶𝐸𝐸 = 𝐶𝐶𝑓𝑓 − 𝐶𝐶𝑙𝑙                                       (Equation 5.1.31) 
Where ∆𝐶𝐶𝐸𝐸 is the net difference in pre-event concentration and post-event concentration, 
𝐶𝐶𝑙𝑙 is the concentration at the beginning of the event, and 𝐶𝐶𝑓𝑓 is the concentration at the 
end of the event. Constructed hysteresis loops were considered to be closed if ∆𝐶𝐶𝐸𝐸 ≤
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0.15, and considered to be open if ∆𝐶𝐶𝐸𝐸 ≥ 0.15. The threshold ratio (for this study 0.15) 
was determined empirically and semi-qualitatively based on the resulting hysteresis loops 
analyzed.  
Time-Lagged Hysteresis: 
 Next, the loop time-lag was determined for each constructed loop. Event 
concentration dynamics may occur substantially early or late compared to the discharge 
increase as to justify a unique descriptor. Certain constituents may exhibit an excessive 
time-lagged response to a hydrologic event, resulting in a unique hysteresis shape. A 
hysteresis loop can occur as either a coincident hysteresis or a time-lagged hysteresis 
(Figure 5.1.19). Coincident hysteresis occurs when the rough majority of concentration 
dynamics occur largely within the temporal bounds of the hydrograph, and the timing of 
incipient concentration change is roughly coincident with incipient discharge increase. 
Time-lagged hysteresis loops occur when the incipient change in concentrations takes 
place well after the incipient increase in discharge. Time-Lag for each hysteresis loop 
was calculated as 
𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎 = 𝑇𝑇𝐶𝐶𝑖𝑖−𝑇𝑇𝑖𝑖𝑇𝑇𝑄𝑄𝑝𝑝−𝑇𝑇𝑖𝑖                                        (Equation 5.1.32) 
Where 𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎 is the calculated lag relative to peak event discharge, 𝑇𝑇𝐶𝐶𝑖𝑖 is the timing of 
incipient concentration change, 𝑇𝑇𝑄𝑄𝑝𝑝 is the timing of peak discharge, and 𝑇𝑇𝑠𝑠 is the time at 
the beginning of the event. Event concentration responses were considered to be lagged if  
𝑇𝑇𝑠𝑠𝑠𝑠𝑎𝑎 was greater than 0.4. The threshold was determined empirically and semi-
qualitatively based on the resulting hysteresis loops analyzed. 
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5.1.2.3.2 Hysteresis for Decomposition Characterization 
 Event hysteresis loops were then used to characterize and constrain the event end-
member flow source decomposition expression (Equation 2.1). Examination of the 
hysteresis loop descriptor characteristics were used to identify initial conditions, relative 
concentration and discharge magnitudes, and timing of changing end-member source 
dynamics. This section describes the metrics used to constrain the decomposition 
expression elucidated by each relevant hysteresis descriptor. Loop descriptors are defined 
for idealized hysteresis loops, primarily with two contributing end-member sources 
(Source A and Source B). In practice, systems may be more complex with additional 
contributing sources, as is hypothesized in the Upper South Elkhorn watershed, and 
hysteresis loop characterization must be modified respectively.  
Hysteresis Loop Direction: 
 Loop direction was used to begin to identify concentrations of each end-member 
flow source relative to the other. For example, for a stable and clockwise loop, it was able 
to be determined that for most cases, the relative concentration of Source A is generally 
greater than Source B for the duration of the event. Alternatively, for a stable and 
counter-clockwise event loop, it was able to be determined that for most cases, the 
relative concentration of Source B is generally greater than Source A for the duration of 
the event (Figure 5.1.20). 
Hysteresis Loop Trend: 
 Loop trend was used to continue to elucidate the relative concentrations of 
contributing sources relative to each other. Loop direction and loop trend were coupled 
for this analysis, and the relative source concentrations were able to be determined. For 
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accreting, clockwise loops, it was able to be determined that concentrations in Source B 
were greater than the concentrations in Source A. For accreting, counter-clockwise loops, 
relative concentrations of Source B were also determined to be greater than those of 
Source A. For diluting, clockwise loops, it was able to be determined that concentrations 
in Source A were greater than the concentrations in Source B. For diluting, counter-
clockwise loops, relative concentrations of Source A were also determined to be greater 
than those of Source B (Figure 5.1.21).  
Hysteresis Loop Area: 
 Loop area was also used as an approximate metric for source concentrations 
relative to each other, specifically for reasonably stable hysteresis loops. For a stable 
loop, a weak area indicates that concentrations from the different end-member sources 
are relatively similar, or that discharge over the duration of the event is dominated by a 
single nonconservative source with little concentration variation. For a stable loop, a 
strong area indicates that concentrations from the different end-member sources are 
significantly varied, or that discharge over the duration of the event is dominated by a 
single nonconservative source with significant concentration variation. Stable event loops 
with strong hysteresis loop areas were also used to determine approximate ranges for 
each contributing source (Figure 5.1.22). Additionally, loop area was used to indicate 
relative timings of source contributions. For example, loops with weak areas and 
significant loop trend indicate rapid flushing of a secondary source, and therefore the 
relative shape of source contribution curves were able to be approximated.  
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Hysteresis Loop Shape: 
 The possible loop shapes that hysteresis loops can occur as consists of single loop 
hysteresis, two-direction double loop (figure-8) hysteresis, single-direction double loop 
hysteresis, and complex loop hysteresis. For single loop hysteresis, one maximum and 
one minimum concentration occur for the entire loop for a single event. One extrema 
generally occurs at pre-event and post-event conditions, indicating that a single source 
dominates prior to and after an event, with a second source only contributing during 
increased discharge conditions. This information was used to constrain the relative timing 
of source contribution curves. For an accreting single loop, it was determined that the 
concentration of Source B is generally greater than Source A. This was further 
constrained by determining that the timing of maximum loop concentration will coincide 
with the timing of the maximum contribution of Source B (Figure 5.1.23). This concept 
was likewise applied for diluting single loops, where it was determined that the 
concentration of Source B is generally lower than Source A. This was further constrained 
by determining that the timing of minimum loop concentration will coincide with the 
timing of the maximum contribution of Source B. For double loop hysteresis, it was 
determined that more than two distinct sources are contributing to the concentration 
signal during the event. This assumption, combined with the inherent nonconservative 
nature of each contributing source, makes determination of decomposition constraints for 
these loops increasingly difficult. 
Hysteresis Loop Closure: 
 Determination of loop closure implicates a substantial potential constraint on the 
initial conditions of the event end-member source decomposition expression. The 
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concentrations of the nutrient signal existing at the pre-event and post-event timings give 
the initial and final conditions for the concentration of Source A in the decomposition 
expression. For a two end-member system and an isolated hydrologic event, it was 
assumed that contributions from the runoff end-member source was unsubstantial at the 
beginning and ending of each event. Therefore the concentrations present at these times 
were attributed solely to the soil plus groundwater source, yielding the initial and final 
conditions of this term in the decomposition expression (Figure 5.1.24). 
Hysteresis Loop Time-Lag: 
 For events in which loops exhibited a significantly lagged concentration response, 
it was assumed that contributions from the event runoff source were insignificant until 
the incipient flush of, or change in constituent concentration. This time-lag was used to 
impose constraints on the relative timing of Source B contribution during the event 
(Figure 5.1.25). 
Hysteresis Loop Curvature: 
 Hysteresis loop curvature was not used to yield any event decomposition 
characterization or constraints on initial conditions, relative concentration and discharge 
magnitudes, or timing of changing end-member source dynamics. 
5.1.2.3.3 Temporal Event Signal Decomposition 
 Data from each of the chosen events was used to perform a decomposition of the 
recorded discharge signal into flow fractions for each contributing end-member source 
and to determine the nonconservative nutrient signal of each end-member over the course 
of each event. A conceptual mass-balance expression was developed to model this 
integration of sources and their respective signals assuming the existence of two event 
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end-member sources, event quickflow runoff and baseflow soil plus groundwater. It was 
hypothesized based on operational knowledge of the Upper South Elkhorn watershed that 
event discharge is contributed by three sources (Figure 5.1.26). The first source is a 
baseflow groundwater end-member that contributes streamflow during low flow periods 
between hydrologic events. The second conceptualized source is an event runoff end-
member activated by precipitation during an event. The third conceptualized source is an 
interflow or shallow groundwater member active during event infiltration. Finally, an 
early event member was conceptualized to capture the quick response piston flush of 
stored water in karst fractures and conduits.  
The conceptual mass-balance expression was then written as  [𝑁𝑁𝑡𝑡 ∗ 𝑄𝑄𝑡𝑡][𝑡𝑡] = [𝑁𝑁𝐵𝐵𝐹𝐹 ∗ 𝑄𝑄𝐵𝐵𝐹𝐹][𝑡𝑡] + [𝑁𝑁𝑅𝑅𝑅𝑅 ∗ 𝑄𝑄𝑅𝑅𝑅𝑅][𝑡𝑡] + [𝑁𝑁𝐼𝐼𝐹𝐹 ∗ 𝑄𝑄𝐼𝐼𝐹𝐹][𝑡𝑡] + ([𝑁𝑁𝑃𝑃𝐹𝐹 ∗ 𝑄𝑄𝑃𝑃𝐹𝐹][𝑡𝑡]) 
 (Equation 5.1.33) 
where 𝑁𝑁𝑇𝑇(𝑡𝑡) is the observed nitrate signal at the watershed outlet for each timestep 
during each observed hydrologic storm event, 𝑄𝑄𝑇𝑇(𝑡𝑡) is the measured discharge at the 
watershed outlet for each timestep during each observed hydrologic storm event, 𝑄𝑄𝑅𝑅𝑅𝑅(𝑡𝑡), 
𝑄𝑄𝐹𝐹𝐹𝐹(𝑡𝑡), and 𝑄𝑄𝐵𝐵𝐹𝐹(𝑡𝑡) are the contributing flow fractions of the activated end-member 
pathways for each timestep during each observed event, and 𝑁𝑁𝑅𝑅𝑅𝑅(𝑡𝑡), 𝑁𝑁𝐹𝐹𝐹𝐹(𝑡𝑡), and 𝑁𝑁𝐵𝐵𝐹𝐹(𝑡𝑡) 
are the associated nitrate concentrations of each respective end-member flow source for 
each timestep during each observed event. 𝑁𝑁𝑃𝑃𝐹𝐹 and 𝑄𝑄𝑃𝑃𝐹𝐹 are the nitrate concentration and 
the discharge of the piston flush, respectively. This water was thought to be flushed 
during storm events during times of active runoff by a hydraulic phenomenon termed a 
“piston-effect” due to a hydraulic head that develops when surface runoff begins to enter 
the subsurface karst system through surface swallet and sinkholes.  
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  Flow fractions for the event activated end-members were determined first, and 
the piston flush terms were ignored for these calculations. Event discharge was first 
conceptualized as a runoff portion equal to the [𝑄𝑄𝑅𝑅𝑅𝑅] term, and a groundwater term as 
 [𝑄𝑄𝐺𝐺𝐺𝐺][𝑡𝑡] = [𝑄𝑄𝐵𝐵𝐹𝐹][𝑡𝑡] + [𝑄𝑄𝐼𝐼𝐹𝐹][𝑡𝑡]                            (Equation 5.1.34) 
 
Timing and magnitude of the [𝑄𝑄𝑅𝑅𝑅𝑅] and [𝑄𝑄𝐺𝐺𝐺𝐺] terms were calculated using a novel 
runoff routing method based on high-resolution spatial elevation data and connectivity 
theory (Mahoney et al., 2019). High-resolution LiDAR was used to determine the 
elevation and slope of the watershed surface at a 5 ft. by 5 ft. resolution (Figure 5.1.27). 
Determined elevation and hillslope was combined with Manning’s equation 
𝑣𝑣 = 1
𝑛𝑛
∗ 𝑅𝑅
2
3 ∗ 𝑆𝑆
1
2                                    (Equation 5.1.35) 
to calculate the velocity of overland flow for each spatial cell. Flow length from each 
spatial cell in the watershed was then calculated, and the travel time of overland flow 
from each point in space was calculated using the flow length and flow velocity (Figure 
5.1.28). 
𝜏𝜏 = 𝐿𝐿
𝑣𝑣
∗
1
3600
 [hr]    (Equation 5.1.36; Mahoney et al., 2019) 
The timing of overland flow was now known for each spatial cell in the watershed, and 
this was then combined with a hydrologic modelling runoff depth estimation to determine 
an event hydrograph. Assuming the runoff depth to be zero yields an event hydrograph 
for groundwater [𝑄𝑄𝐺𝐺𝐺𝐺] during an event.  
 The values for baseflow [𝑄𝑄𝐵𝐵𝐹𝐹] and associated baseflow nitrate concentration [𝑁𝑁𝐵𝐵𝐹𝐹] were determined graphically using the plotted event hydrograph and nitrate 
concentration response curves. Figure 5.1.29 displays an idealized hydrograph and 
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response curve for an event. The portion of the nitrate curve occurring before and after 
event runoff occurs was isolated, and a smooth curve was fit to this data (Figure 5.1.30). 
This curve was assumed to be the baseflow nitrate concentration [𝑁𝑁𝐵𝐵𝐹𝐹]. This process was 
repeated for stream discharge measured before and after event runoff occurred, and a 
smooth curve was likewise fit to this data (Figure 5.1.30). This curve was assumed to be 
the baseflow discharge [𝑄𝑄𝐵𝐵𝐹𝐹]. Curves were generally assumed to be an 𝑛𝑛𝑡𝑡ℎ-order 
polynomial, and were calculated using best-fit regression techniques.  
 With baseflow discharge now known, the interflow end-member discharge [𝑄𝑄𝐼𝐼𝐹𝐹] 
was calculated as the difference between the modeled groundwater [𝑄𝑄𝐺𝐺𝐺𝐺], and baseflow 
discharge [𝑄𝑄𝐵𝐵𝐹𝐹]. [𝑄𝑄𝐼𝐼𝐹𝐹][𝑡𝑡] = [𝑄𝑄𝐺𝐺𝐺𝐺][𝑡𝑡] − [𝑄𝑄𝐵𝐵𝐹𝐹][𝑡𝑡]                               (Equation 5.1.37) 
 Runoff discharge was calculated as the difference between total discharge [𝑄𝑄𝑡𝑡] 
and modeled groundwater discharge [𝑄𝑄𝐺𝐺𝐺𝐺]. [𝑄𝑄𝑅𝑅𝑅𝑅][𝑡𝑡] = [𝑄𝑄𝑡𝑡][𝑡𝑡] − [𝑄𝑄𝐺𝐺𝐺𝐺][𝑡𝑡]                               (Equation 5.1.38) 
 Now, all flow fraction terms in the objective expression were known, as well as 
one nitrate concentration term [𝑁𝑁𝐵𝐵𝐹𝐹]. An optimization based numerical decomposition 
was then implemented to determine the remaining end-member nitrate signals. The 
objective expression was simplified to yield a two-term, overdetermined mass-balance 
equation with the remaining unknown nitrate concentration terms. [𝑁𝑁𝑡𝑡 ∗ 𝑄𝑄𝑡𝑡][𝑡𝑡] − [𝑁𝑁𝐵𝐵𝐹𝐹 ∗ 𝑄𝑄𝐵𝐵𝐹𝐹][𝑡𝑡] = [𝑁𝑁𝑅𝑅𝑅𝑅 ∗ 𝑄𝑄𝑅𝑅𝑅𝑅][𝑡𝑡] +  [𝑁𝑁𝐼𝐼𝐹𝐹 ∗ 𝑄𝑄𝐼𝐼𝐹𝐹][𝑡𝑡]      (Equation 5.1.39) 
The known term on the left side of Equation 5.1.39 was then abbreviated as 
𝑄𝑄′[𝑡𝑡] = [𝑁𝑁𝑡𝑡 ∗ 𝑄𝑄𝑡𝑡][𝑡𝑡] − [𝑁𝑁𝐵𝐵𝐹𝐹 ∗ 𝑄𝑄𝐵𝐵𝐹𝐹][𝑡𝑡]                          (Equation 5.1.40) 
 
Thus, the simplified decomposition expression becomes 
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𝑄𝑄′[𝑡𝑡] = [𝑁𝑁𝑅𝑅𝑅𝑅 ∗ 𝑄𝑄𝑅𝑅𝑅𝑅][𝑡𝑡] +  [𝑁𝑁𝐼𝐼𝐹𝐹 ∗ 𝑄𝑄𝐼𝐼𝐹𝐹][𝑡𝑡]                         (Equation 5.1.41) 
This expression was solved for the unknown nitrate concentration terms using a numerical 
least-squares optimization script. The nitrate concentration signals of both of these end-
members were then determined. Nitrate signals of both sources were assumed to be defined 
by some time dependent function with unknown coefficients (Figure 5.1.31), owing to the 
nonconservative nature of nitrate signals in an open system such as a watershed. For this 
model, the nitrate signals of the event activated end-members were assumed to be nth-order 
polynomials 
𝑁𝑁𝑅𝑅𝑅𝑅(𝑡𝑡) = 𝑎𝑎11(𝑡𝑡)𝑛𝑛 + 𝑎𝑎12(𝑡𝑡)𝑛𝑛−1 + 𝑎𝑎13(𝑡𝑡)𝑛𝑛−2 … . 𝑎𝑎1𝑛𝑛−1(𝑡𝑡)  + 𝑎𝑎1𝑛𝑛       (Equation 5.1.42) 
𝑁𝑁𝐹𝐹𝐹𝐹(𝑡𝑡) = 𝑎𝑎21(𝑡𝑡)𝑛𝑛 + 𝑎𝑎22(𝑡𝑡)𝑛𝑛−1 + 𝑎𝑎23(𝑡𝑡)𝑛𝑛−2 … 𝑎𝑎2𝑛𝑛−1(𝑡𝑡) + 𝑎𝑎2𝑛𝑛        (Equation 5.1.43) 
where the polynomial coefficients 𝑎𝑎11, 𝑎𝑎12, 𝑎𝑎13, 𝑎𝑎14, …, 𝑎𝑎1𝑛𝑛 𝑎𝑎21,  𝑎𝑎22,  𝑎𝑎23,   𝑎𝑎24, … ,𝑎𝑎2𝑛𝑛 
are unknown and modelled as randomly generated variables in a Monte Carlo simulation. 
A semi-automated calibration of parameter ranges was completed, and 1,000,000 
iterations were run for the Monte Carlo simulation. Results were optimized using least 
squares error best-fit optimization 
𝑒𝑒(𝑡𝑡)𝑛𝑛𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎 = ��𝑁𝑁𝑠𝑠𝑎𝑎𝑛𝑛𝑠𝑠𝑙𝑙𝑎𝑎(𝑡𝑡) − Ncalculated(t)�2               (Equation 5.1.44) 
𝑆𝑆𝑆𝑆𝑆𝑆 = ∑ 𝑒𝑒(𝑡𝑡)𝑛𝑛𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑡𝑡𝑠𝑠=1                                  (Equation 5.1.45) 
 Now, all flow fraction and nitrate concentration terms in the objective expression 
are known, except for the piston flush values. Piston flush discharge and nitrate 
concentrations were then determined operationally. For events with an observable nitrate 
response lag 
𝐿𝐿𝑎𝑎𝑚𝑚 = 𝑡𝑡𝑁𝑁𝑖𝑖 − 𝑡𝑡𝑄𝑄𝑖𝑖                                      (Equation 5.1.46) 
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 event water (interflow [𝑄𝑄𝐼𝐼𝐹𝐹] or runoff [𝑄𝑄𝑅𝑅𝑅𝑅]) occurring before this lag was then 
considered to make up the piston flush term (Figures 5.1.32 – 5.1.33). 
𝑡𝑡 < 𝑡𝑡𝑁𝑁𝑖𝑖  ; [𝑄𝑄𝑃𝑃𝐹𝐹] = [𝑄𝑄𝐼𝐼𝐹𝐹] + [𝑄𝑄𝑅𝑅𝑅𝑅]                         (Equation 5.1.47) 
Then, [𝑁𝑁𝑃𝑃𝐹𝐹] was determined for all timesteps when piston flush discharge was observed, 
that is for all times before 𝑡𝑡𝑁𝑁𝑖𝑖, as 
𝑡𝑡 <  𝑡𝑡𝑁𝑁𝑖𝑖  ;  [𝑁𝑁𝑃𝑃𝐹𝐹][𝑡𝑡] = ([𝑄𝑄𝑡𝑡∗𝑁𝑁𝑡𝑡][𝑡𝑡]−[𝑄𝑄𝐵𝐵𝐹𝐹∗𝑁𝑁𝐵𝐵𝐹𝐹][𝑡𝑡])[𝑄𝑄𝑃𝑃𝐹𝐹]                  (Equation 5.1.48) 
All terms of the original objective mass-balance expression (Equation 5.1.33) were then 
known. This method was completed for each of the 11 chosen events. The coefficient of 
determination and Nash Sutcliffe statistics were calculated for each modeled event nitrate 
concentrations. 
𝑅𝑅2 = ��1
𝑛𝑛
� ∗ �
(𝑥𝑥𝑖𝑖−?̅?𝑥)+(𝑦𝑦𝑖𝑖−𝑦𝑦�)
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2
                            (Equation 5.1.49) 
𝑁𝑁𝑆𝑆𝑆𝑆 = 1 − 𝛴𝛴(𝐶𝐶𝑡𝑡𝑚𝑚−𝐶𝐶𝑡𝑡)
𝛴𝛴(𝐶𝐶𝑡𝑡−𝐶𝐶𝑡𝑡���)                                    (Equation 5.1.50) 
5.2 Spatial Signal Decomposition 
 In order to quantify the portion of the integrated nutrient signal measured at the 
watershed outlet contributed from agricultural and urban spatial sources, a spatially 
dispersed grab sampling procedure was developed and conducted in concurrence with the 
sensor monitoring of the in-stream nutrient signal at the watershed outlet. Sampling 
procedures were developed based on a review of contemporary surface water quality 
monitoring method. These included Environmental Protection Agency protocols for 
Quality Assurance Project Plan development (EPA-240-B-01-003, 2001; EPA-240-B-06-
001, 2006), United States Geological Survey and Kentucky Division of Water protocols 
for surface water quality data collection (KDOW, 2005; US Geological Survey, variously 
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dated), and Environmental Protection Agency and Kentucky Geological Survey methods 
for field and laboratory detection of dissolved nitrate and orthophosphate in water (nitrate: 
KGS 9056, EPA 300.0; orthophosphate: KGS D515, EPA 365.2). Sampling was performed 
with the intent to allow for the decomposition of spatial source contributions to this 
integrated nutrient signal, as well as to identify additional nutrient sources or sinks. This 
sampling project was conducted within the Upper South Elkhorn watershed near 
Lexington, KY and the Royal Spring outlet in Georgetown, KY (see Chapter 4 for a full 
description of the study watershed). 
5.2.1 Spatial Data Collection and QA/QC 
5.2.1.1 Project Development 
 Primary parameters chosen for monitoring were the dissolved portions of 
suspended in-stream nitrate and orthophosphate (or soluble reactive phosphate, SRP). 
These parameters were chosen based on their designation as the predominant transported 
solutes responsible for downstream water quality outbreaks such as harmful algal blooms, 
hypoxia, and eutrophication in receiving water bodies (Paerl & Paul, 2012). Secondary 
water quality parameter values collected at each sampling location included total 
suspended solids, conductivity, temperature, and dissolved oxygen, while hydrologic 
parameter values collected at each sampling location included water depth and velocity. 
These parameter values were used to characterize the stream conditions associated with the 
measured values of nitrate and orthophosphate.  
 To generate the desired spatial variability and to assess the importance of 
watershed scale, samples were obtained from the sampling locations throughout the 
Upper South Elkhorn watershed and the Royal Spring outlet. Site selection was 
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motivated by understanding the effects on nutrient input from urban and agricultural 
lands via the identified characteristic reaches and hotspot locations. Sites considered in 
this project included characteristic reaches dominated by a single land-use,  livestock 
access to the stream, springs, sinks or disconnections such as ponds or dams, outfalls, and 
algal blooms. Locations were chosen after a comprehensive visual assessment of the 
Upper South Elkhorn Watershed was completed in the fall of 2016 by the project 
investigators. Likely locations were noted during this assessment. From this list of 
potential locations, approximately 30 locations were chosen for further investigation. 
During the spring of 2017, these locations were visited and assessed once again for the 
present potential for elevated nutrient input or adverse nutrient cycling, and potential for 
sampling. The final locations chosen for sampling were considered based on several 
criteria, including the following criteria obtained from the Kentucky Ambient/Watershed 
Water Quality Monitoring SOP Manual 
•  Sampler Safety- Locations were chosen with safety of the samplers in mind. 
Locations with obstacles or hindrances that could have potentially caused accident 
or injury were discouraged, and locations with strong instream current or adverse 
stream features were also discouraged.  
• Accessibility- Sites selected for sampling were designed to be easily accessible and 
as close to a road access point as possible. Quick and timely access and extraction 
of samples was highly encouraged. Sites were selected so that private property was 
entered as little as possible.  
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• Transport time to laboratories- The Upper South Elkhorn watershed is very near 
the University of Kentucky, so transport of samples to the Kentucky Geological 
Survey laboratory was very quick.  
• Conformation of stream reach sampled- Locations for sampling were chosen with 
the characteristics of the stream at each specific location as a consideration. 
Generally, each sampling point was located in a stretch of stream that was relatively 
low gradient and slower moving water. 
• Reach mixing- It was assumed that each sampling locations reflects a well-mixed 
and representative sample of the stream at that location. 
• Backwater effect- All sampling locations were designed to be at least 50 yards 
upstream of any tributary confluences to avoid any effects that backwater may have 
on the sample. 
• Other factors- Site safety and authorization to sample from landowners were 
considered during the site selection process.   
 The 12 final locations chosen for sampling during the conductance of this study 
are outlined below. As stated, there were seven hotspot locations and five characteristic 
reach locations. These sampling locations are displayed in Figure 5.2.1. Prior to the 
conductance of the grab sampling regimen, basic surveying of each identified location 
was completed. Cross-sectional channel depths were measured at each foot for the full 
channel and bank width. Long-profile slope measurements were conducted upstream and 
downstream of each location. 
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Characteristic Reach Locations 
 Locations shown in red in Figure 5.2.1 are the characteristic reaches defined for 
this project. These locations were chosen to be at the outlets of the major characteristic 
reaches. This was done to identify the general behavior of a reach with homogeneous 
land usage and stream characteristics. Characteristic Reach Site 1 (CH-1) was located at 
the watershed outlet. This location was considered to be representative of the entire 
reach, and was considered the integration of all upstream samples. This location was the 
same location as the sensor monitoring platform (Section 5.1.1). Therefore, samples 
taken at this location were used as a comparison with the continuous measurements taken 
by the nutrient sensors. Characteristic Reach Site 2 (CH-2) was located at the outlet of the 
tributary Cave Creek and drains a largely agriculturally dominated catchment, with the 
notable exception being the Bluegrass Airport which is located north of the tributary 
reach. Characteristic Reach Site 3 (CH-3) was located in the main stem of the stream, just 
upstream of the confluence with Cave Creek. Measurements at this site were used to 
determine the input from the main stem of the Upper South Elkhorn Creek between the 
upstream urban and agricultural tributaries and Cave Creek just downstream. This reach 
is dominated by agricultural land usage. Characteristic Reach Site 4 (CH-4) was located 
in an urban reach of the stream which drains a large portion of southeast Lexington, KY, 
and just upstream of the confluence of the urban tributary reach and the main stem of the 
creek. Characteristic Reach Site 5 (CH-5) was located in an upstream agricultural reach, 
with downstream control by marked increase in developed land. Royal Spring (RS) was a 
large spring located in Georgetown, KY. This site was the outlet of a mature developed 
karst conduit system draining large portions of the Cane Run surface watershed. 
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Hotspot Locations 
 Each hotspot that was sampled is identified below. Two livestock locations, two 
locations in which the stream is dammed, two spring locations, and an algal bloom 
location were sampled. Figure 5.2.1 displays the location of the two chosen sampling 
locations that were used to investigate the impact of livestock interference on nutrient 
levels in the stream in brown. Both locations exhibited severe cattle access to the stream 
corridor during or prior to the conductance of the spatial grab sampling. Livestock 
Location 1 (LVK-1) was located at the headwaters of a tributary of Cave Creek. The site 
was severely impacted by cattle access and was isolated in that the stream originates from 
runoff contained within the cattle pasture. Therefore, only one sample was necessary at 
this location. Livestock Location 2 (LVK-2-US/DS) was located in the main stem of the 
stream. This location was observed to have severe interference and degradation of banks 
due to the presence of cattle in the stream corridor. However, cattle presence was not 
observed during the conductance of the spatial grab sampling during any months 
sampled. The location was not isolated and therefore an upstream and downstream 
sample were necessary to isolate the livestock impact. 
 Figure 5.2.1 displays the location of the two chosen sampling locations that were 
used to investigate the impact of groundwater input via springs on nutrient levels in the 
stream in yellow. Both locations exhibited large springs that outlet near the stream 
channel. Both springs were perennial in nature and effluent was observed in each month 
sampled. Both springs were isolated and only required one sample each. Spring Location 
1 (SPR-1) was located adjacent to the main stem of the stream near Dogwood Park, 
Lexington, KY. This was an effluent spring with heavy sediment deposits and wetland 
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growth surrounding it. Spring Location 2 (SPR-2) was located in an upstream agricultural 
reach near the headwaters of the main stem of the stream. It was a large spring with 
constant effluent. It was located in an agricultural setting with algae and aquatic plant 
growth directly downstream.  
 Figure 5.2.1 displays the location of the two chosen sampling locations that were 
used to investigate the impact of the damming of the stream on nutrient levels in the 
stream in orange. Both locations exhibited large dams that create ponding and backwater 
upstream. Both locations were sampled upstream of the dam and backwater effect, as 
well as downstream of the dam in order to isolate the locations. Sink Location 1 (SNK-1-
US/DS) was located in the main stem of the stream and exhibits what was discovered to 
be a series of beaver dams in the stream. Upstream of each dam is a large pool roughly 4-
5 feet deep. An upstream sample was taken above the furthest upstream dam, and a 
downstream sample was taken below the furthest downstream dam. Sink Location 2 
(SNK-2-US/DS) was located in an urban tributary, near Willow Oak Park, Lexington, 
KY. The stream was dammed in this location to create a pond for recreation in the park. 
Samples were taken upstream of the backwater effect caused by the dam, and 
downstream samples were taken below the dam. 
 Figure 5.2.1 displays the location of the identified algal bloom sampling location 
within the watershed in green. The location was located at the downstream end of an 
upstream agricultural reach on the main stem of the stream, near the location of 
Characteristic Reach Site 5. In fact, the sample for Characteristic Reach Site 5 was used 
as the downstream sample for the algal bloom sampling, and upstream samples (AG-1) 
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were taken to isolate the effects of the algal bloom. This algal bloom was large with 
heavy sediment deposits and with additional aquatic plant growth nearby.  
 Two sewer overflow outfalls were also identified in the Upper South Elkhorn 
watershed for potential monitoring. These locations are shown in blue in Figure 5.2.1. 
However effluent was not observed for any sampling days during the year, and no 
samples were collected at these locations. 
Sampling Schedule 
 The initial monthly sampling run was completed on October 30th, 2017, with 
subsequent monthly sampling runs occurring monthly thereafter through October 2nd, 
2018. In total, 13 simple monthly samples were collected over the course of the project 
duration, while one full event and two partial event samples were collected. Extensive 
duplicate sampling occurred on the March 5th, 2018 sampling run, in which duplicates 
collected at each sampling location were delivered to both the Kentucky Geological 
Survey and Eastern Kentucky University Geosciences laboratories for verification of 
laboratory methods and procedures. Field equipment was calibrated on the work day 
immediately preceding sampling runs, while sample delivery to respective laboratories 
for analysis occurred on either the workday immediately succeeding the day of sample 
collection, or on some occasions on the same day. Sample analysis was performed 
subsequently in the respective laboratories. Data was added to the project database 
immediately after receiving the reports from associated laboratories. Table 5.2.1 details 
the schedule of sampling runs for the project. Additionally, the full project schedule of 
activities can be found in Appendix 5.2-A.   
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5.2.1.2 Spatial Data Collection  
 The design of this sampling plan was developed with several important factors in 
mind. Spatial distribution of the sampling locations was considered to assure a balanced 
representation of the land-uses within the watershed and associated nutrient 
concentrations, allowing for the desired spatial source decomposition to be performed. 
The monthly interval of the sampling schedule was chosen to create a time-series of the 
data to identify the yearly patterns of nutrient levels within the stream system, with the 
addition of the quarterly event sampling to identify seasonal high-flow characteristics of 
the nutrient cycle. The sample locations were chosen to be representative of the 
watershed as a whole by spatially arranging the sampling locations to cover the majority 
of the watershed. Additionally, hotspots were chosen for sampling that were 
representative of the common features of the watershed. Several design assumptions were 
necessary when considering the spatial sampling procedure outlined, including; (1) water 
in the stream was completely mixed at sampling locations; (2) sampling design frequency 
was sufficient to capture seasonal and yearly variation in key constituents; (3) sampling 
of storm events will be sufficient for providing a representative range of flow conditions 
and that each storm event sampled was representative of storm events occurring in the 
season; (4) no significant land use changes occurred over the sampling duration; and (5) 
dissolved constituents are uniformly distributed in the water column. Each monthly 
sampling run began with sampling locations in the upstream reaches and continued 
downstream towards the watershed outlet. This quasi-Lagrangian approach was used to 
roughly capture the downstream transport mechanics of fluid and solutes within the 
stream. 
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 Prior to the collection of grab samples at each location, water depth and flow 
velocity were measured at the grab sampling location. Depth was measured using a meter 
stick and this measurement was taken at the thalweg, or deepest point of main flow of the 
stream. The location of the thalweg has been previously determined for each sampling 
location during the surveying of each sampling location. The depth of the stream was 
measured as the depth from the bed at the thalweg to the water surface and was recorded 
in a project field notebook. The stream velocity was measured by two methods. The 
project personnel acquired a Global Water velocity propeller meter. This instrument was 
lowered into the stream with the propeller facing the direction of flow and a measurement 
for flow velocity was read. Measurements for flow velocity was also taken at each 
location by floating a neutrally buoyant object down the stream and measuring the 
distance travelled against the time taken to derive stream velocity.  
 Grab samples were collected at each monitoring locations on a monthly basis. 
These grab samples were analyzed in a laboratory for the specified parameters. Grab 
samples were collected for dissolved nitrate and dissolved orthophosphate. Each sample 
was filtered in the field using a 0.45 µm filter attached to the end of a syringe. The direct 
method for streams (EPA #EH-01) was utilized to sample at each site. Additional 
procedures and requirements for the collection of surface water grab samples were taken 
from the KGS D515 and 9056 Standard Operating Procedures for Total Phosphorus and 
Nitrate. Specific relevant field sampling procedures are listed herein;  
• All grab samples were collected in 25 mL glass containers. Containers were 
ordered sterile from the manufacturer.  
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• Grab samples were considered to be representative of the entire stream at the 
sampling location. Therefore, samples were taken in the center of the stream or 
otherwise in the center of flow within the channel. 
• Grab samples were collected one at a time. Samples were taken from the stream 
using 60 mL sterile syringes and delivered from the syringe into the glass sample 
container through a 0.45 µm filter attached to the syringe. 
• Sample containers were filled completely to ensure no air bubbles were trapped in 
the container. After collection, containers were immediately stored in a chilled 
transport container. 
• One 25 mL container was used for both the dissolved nitrate and orthophosphate 
measurements in the lab. Syringes and filters were not reused at multiple sites or 
between sampling runs. 
• At Characteristic Reach 1, an additional sample was taken, again into a 25 mL 
glass vial. This additional sample was collected using a 5-µm filter and was 
analyzed for dissolved nitrate and dissolved orthophosphate. This sample was 
used to quantify the difference in dissolved and undissolved portions of each 
parameter. 
• During each sampling run, a duplicate sample was taken at one location. This 
sample was filtered at 0.45 µm and was analyzed for the dissolved portions of 
both nitrate and orthophosphate. This sample was marked duplicate and not 
marked with any identifying marks with respect to location or time. This was so 
the lab could not know which location the duplicate was from to avoid bias. 
However, the location of the duplicate was noted in the project field notebook. 
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• Samples were delivered to the respective laboratory for analysis as soon as 
possible. Samples held for more than a day were refrigerated. 
A total of 17 samples were collected in the Upper South Elkhorn watershed for 
each monthly sampling, with two samples being collected at the Royal Springs location. 
In addition to the grab samples for dissolved nitrate and dissolved orthophosphate taken 
at each sampling location, the additional parameters (Dissolved Oxygen, Turbidity, 
Conductivity, pH) were measured using a YSI 650 portable multi-parameter meter with 
attached YSI 600 OMS probe. Readings for these parameters were recorded in the project 
field notebook. Samples of total suspended solids were taken at each of the sampling 
locations. Samples were taken in 500 mL plastic container. The samples were collected 
using the depth integrated sampling method outlined in the direct method for streams 
(EPA #EH-01). Analysis was performed in the Department of Civil Engineering’s 
Hydraulics Lab. 
 For each sampling run, complete labelling, documentation, and tracking of all 
collected samples was completed. Each sample was labelled prior to collection according 
to the following procedure: 
 Labels were written on masking tape wrapped around each 
container. 
 Labels included the date of sample in the form of dd/mm/yy. 
 Labels included the time of sample in the form of hh:mm AM/PM. 
 Labels included the code for the location of the sample in 
accordance with the following definitions: 
• Characteristic Reaches 1-5 : CH-(1-5) 
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• Livestock Locations 1-2 : LVK-(1-2)-(US/DS) 
• Spring Locations 1-2 : SPR-(1-2) 
• Sink/Disconnect Locations (1-2) : SNK-(1-2)-(US/DS) 
• Algae Bloom Location : AL-US 
• 5 µm orthophosphate samples : (RS/FS)-5µm-OP 
Note that the downstream algal bloom location and characteristic reach five were the 
same sample and will divert to the characteristic reach labelling. For each collected 
sample, an entry was made into the monthly Grab Sample Collection Log. Inputs into this 
log were Type of Sample, Date, Start Time, Stop Time, Volume, Conditions, Comments, 
and Personnel Signature. For each collected sample, an entry was made into the sample 
tracking log. Each time the sample(s) were delivered to the analysis location, the entry 
was completed. Inputs into this worksheet included Site Location, Date Collected, Date 
Delivered, Date Analysis Performed, and Signature of personnel responsible. For each 
collected sample, a Chain of Custody Record was filled out. Parameters collected in the 
field were recorded in the project field notebook for each sampling location, with a new 
entry page for each sampling run. See Appendix 5.2-E for spatial sampling field sheets. 
5.2.1.3 Spatial Data Quality Assurance / Quality Control 
 Ensuring the quality of collected data was of utmost importance during the 
conductance of the spatial nutrient data collection process. Reliable and repeatable 
laboratory standard operating procedures were followed strictly in the analysis of 
collected grab samples. Timely and precise calibrations of all field sampling equipment 
were performed prior to each field visit. Collected and reported data was subsequently 
assessed and reviewed for accuracy and bias through the comparison of collected 
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duplicates and by analysis by varying methods at differing laboratories. This section 
describes the quality assurance procedures implemented to ensure the overall accuracy 
and verify the usability of the collected spatial nutrient data. 
Laboratory Analysis Procedures 
 Monthly dissolved nitrate and dissolved orthophosphate samples were analyzed at 
the Kentucky Geological Survey laboratory on the University of Kentucky campus. 
Dissolved orthophosphate (or soluble reactive phosphate) was determined in the 
laboratory by the KGS D515 Total Phosphorus in Water method, described in detail in 
Appendix 5.2-B. This method is adapted from the Environmental Protection Agency 
Method 365.2: Determination of Phosphate by Semi-Automated Colorimetry. Dissolved 
nitrate was determined in the laboratory by the KGS 9056 Ion Chromatography of Water 
method, described in detail in Appendix 5.2-C. This method is adapted from the 
Environmental Protection Agency Method 300.0: Determination of Inorganic Anions by 
Ion Chromatography. All resulting concentration values were reported as both the 
concentration of the full chemical compound (nitrate: 𝑁𝑁𝑂𝑂3−; orthophosphate: 𝑃𝑃𝑂𝑂4−3) as 
well as the concentration of the individual elements (i.e. nitrate as nitrogen, 𝑁𝑁𝑂𝑂3 − 𝑁𝑁; 
orthophosphate as phosphorus, 𝑃𝑃𝑂𝑂4 − 𝑃𝑃). Concentrations for total suspended solids were 
determined Department of Civil Engineering’s Hydraulics Lab by a simple filtering 
method described herein. A filter was prepared for each sample and dried overnight in an 
oven prepared to ≈ 105°F. The dried weight of the filter was recorded after drying and the 
collected sample was subsequently filtered through the dry filter. The filter was then 
dried again overnight in an oven prepared to ≈ 105°F. The total suspended solids 
concentration was subsequently calculated by the equation 
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𝑇𝑇𝑆𝑆𝑆𝑆 = (𝐹𝐹𝑠𝑠𝑛𝑛𝑠𝑠𝑠𝑠 𝐺𝐺𝑎𝑎𝑠𝑠𝑎𝑎ℎ𝑡𝑡−𝐼𝐼𝑛𝑛𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠 𝐺𝐺𝑎𝑎𝑠𝑠𝑎𝑎ℎ𝑡𝑡)∗1000
𝑆𝑆𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠𝑎𝑎 𝑉𝑉𝑙𝑙𝑠𝑠𝑎𝑎𝑚𝑚𝑎𝑎                                (Equation 5.2.1) 
Field Instrument Calibration Procedures 
  The YSI instruments used to measure the additional field parameters at each site 
(conductivity, turbidity, dissolved oxygen, and temperature) were calibrated prior to each 
sampling run in the Department of Civil Engineering’s Hydraulics Lab. This was 
performed in effort to ensure the accuracy of the secondary data streams for the spatial 
data collection project. The procedures for calibration of the field instruments were 
provided in the sensor manual (YSI, 2012), and are included in Appendix 5.2-D. 
Data Management 
 After field collection or laboratory analysis of data was completed and 
preliminary raw data files were received, all data was entered into the project database. 
An entry into the Database Entry Log was recorded for each monthly dataset completed. 
Any data excluded or omitted was reported via a Data Exclusion Report. When 
equipment malfunction or failure occurred in the field an entry was made into the 
Corrective Action / Equipment Failure Log. Any deviations from the accepted sampling 
method were recorded in the Deviation From Method Log. Each of these documents are 
presented in Appendix 5.2-E. 
Data Review 
 Each month, after the database was updated with the respective monthly sampling 
data, the data was reviewed further for quality and accuracy. Suspect data such as data 
out of expected ranges was either flagged as suspect or omitted entirely. Duplicate 
samples were used as a comparison with the respective original sample. Duplicate data 
for each monthly sampling, as well as additional duplicates was plotted against original 
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data and a regression analysis was performed to determine the coefficient of 
determination for the duplicated data as 
𝑅𝑅2 = ��1
𝑛𝑛
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(𝑥𝑥𝑖𝑖−?̅?𝑥)+(𝑦𝑦𝑖𝑖−𝑦𝑦�)
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2
                             (Equation 5.2.2) 
where n is the number of observations, 𝑥𝑥𝑠𝑠 is the value of the original data from 1 = 1:𝑛𝑛, 
?̅?𝑥 is the mean of the original values, 𝑦𝑦𝑠𝑠 is the value of the duplicate data from 1 = 1:𝑛𝑛, 𝑦𝑦� 
is the mean of the duplicate values, 𝜎𝜎𝑥𝑥 is the standard deviation of the original data, and 
𝜎𝜎𝑦𝑦 is the standard deviation of the duplicate data. One duplicate sample was collected for 
each sampling run. Additionally, for the sampling run on March 5th, 2018, five additional 
samples were collected at each of the characteristic reach locations and were held for one 
week before being analyzed under standard procedures at the KGS laboratory to quantify 
the degradation of nutrients in a stored sample. 
 Secondary parameters, including measured flow velocity and calculated 
discharge, were assessed for accuracy by comparing measured velocities from both 
methods performed and by comparing calculated discharges at the watershed outlet 
location (CH-1) to reported discharge taken from a United States Geological Survey 
Gaging station at the same location.  
5.2.2 Spatial Data Analysis 
5.2.2.1 General Signal Composition Analysis 
 Spatial nutrient data collected were analyzed with the goal of further 
understanding the spatial sources of nitrate and orthophosphate, as well as the underlying 
hydrologic and watershed processes that dictate nutrient signal generation, 
transformation, and transport within and out of a watershed.  
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 Concentration mean, standard deviation, and variance were calculated for each 
sampling location for the full year as well as seasonally. Seasons were defined as Fall 
2017 (October 2017 – December 2017), Winter 2018 (January 2018 – March 2018), 
Spring 2018 (April 2018 – May 2018), and Summer 2018 (July 2018 – September 2018). 
Monthly and seasonal watershed averages, standard deviations, and variances were also 
calculated. 
𝜇𝜇 = 𝛴𝛴𝑥𝑥
𝑛𝑛
                                              (Equation 5.2.3) 
𝜎𝜎 = �𝛴𝛴|𝑥𝑥−𝜇𝜇|2
𝑛𝑛−1
                                        (Equation 5.2.4) 
𝜎𝜎2 = 𝛴𝛴|𝑥𝑥−?̅?𝑥|2
𝑛𝑛−1
                                           (Equation 5.2.5) 
where 𝜇𝜇 is the sample mean, x is the sample value, n is the total number of values, 𝜎𝜎 is 
the sample standard deviation, and 𝜎𝜎2 is the sample variance. 
 Seasonal trends were determined by comparing the calculated seasonal data 
statistics. Additionally, a time series for monthly watershed concentration averages was 
plotted along with monthly location concentration values to study the watershed’s overall 
seasonal and yearly trends. A subsequent plot was developed including the spatial 
seasonal data along with sensor data collected at the watershed outlet during the study 
period. Yearly time-series plots were developed for each location individually to examine 
the monthly and seasonal variations of each location separately from the watershed trends 
as a whole. 
 For each location with an upstream and downstream component, yearly upstream-
downstream plots were developed, and location data statistics were compared to examine 
the nutrient dynamics occurring within the isolated reach. Further, the upstream-to-
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downstream nutrient dynamics occurring throughout the entire watershed were examined 
by plotting downstream concentration charts, both monthly and for the entire study 
duration. The influence of watershed size on the resulting nutrient concentration was 
determined first by determining the areas of the respective sub-catchments upstream of 
each sampling location in ArcGIS software. Subsequently, monthly nutrient 
concentrations were plotted against their respective upstream watershed size. A plot of 
yearly averaged concentrations was additionally plotted against watershed size. Sub-
catchments were further characterized in these plots by identifying the relative proportion 
of the watershed that was considered developed. Method for determining watershed land-
use is outline below.  
 Nutrient and suspended solids concentration correlation with calculated discharge 
and calculated loadings were determined for each sampling location over the duration of 
the spatial study. To calculate the instantaneous discharge at each location at the time of 
each sampling run, cross sectional survey data collected before sampling began was 
coupled with measured water depth and velocity at each location for each sampling run. 
Discharge was calculated as 
𝑄𝑄 = 𝑉𝑉 × 𝐴𝐴                                            (Equation 5.2.6) 
where Q is the calculated discharge in 𝑚𝑚3/𝑠𝑠, 𝑉𝑉 is the measured flow velocity in m/s, and 
A is the cross-sectional area of the stream at each location. Area was calculated by 
plotting measured water depth on the surveyed cross-sectional bed depth of each location 
and determining the area created. It was assumed that no major changes to the channel 
cross-section at each sampling location occurred over the duration of the project. Plots of 
both nutrients and suspended solids against calculated discharge were developed for both 
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individual locations over the duration of the project and for the watershed as a whole over 
the duration of the project.   
 Nutrient and suspended solid loadings were calculated at each sampling location 
for each sampling run using the calculated discharge value and measured concentration 
values of the relevant constituent. Loadings for nitrate as nitrogen and orthophosphate as 
phosphorus, as well as suspended solids were calculated as  
𝐿𝐿 = �𝑄𝑄×𝐶𝐶×2.2046∗10−6� 𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚�
0.001� 𝐿𝐿
𝑚𝑚3
�
� × 60 � 𝑠𝑠
min
� × 60 �𝑚𝑚𝑠𝑠𝑛𝑛
ℎ𝑎𝑎
� × 24 �ℎ𝑎𝑎
𝑑𝑑
�          (Equation 5.2.7) 
where L is the load (𝑙𝑙𝑏𝑏/𝑑𝑑), Q is the calculated discharge (𝑚𝑚3/𝑠𝑠), and C is the 
concentration (𝑚𝑚𝑚𝑚/𝐿𝐿). Plots of both nutrient and suspended solid loadings against 
calculated discharge were developed for both individual locations over the duration of the 
project and for the watershed as a whole over the duration of the project. Loadings 
calculated using calculated discharge at the watershed outlet (CH-1) were compared to 
loadings calculated using discharge values reported by the USGS from a gaging station 
located at this site. Also at this site, nutrient concentration values yielded from samples 
filtered at 0.45 μm were compared to samples filtered at 5 μm to determine the relative 
difference in dissolved and particulate portions of the respective nutrient.  
 Simple land-use correlation was determined for each location with respect to each 
measured nutrient (dissolved nitrate and dissolved orthophosphate). Analysis for land-use 
correlation was completed separately from the spatial signal source decomposition using 
simple Pearson correlation coefficients. To determine these correlation coefficients, the 
land-use fractions for each sub-catchment upstream of each sampling locations were first 
determined. Watersheds were delineated in ArcGIS for each sampling location. 
Watershed spatial land-use raster data was downloaded from the NRCS Geospatial Data 
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Gateway provided by the US Department of Agriculture, and land-use data for each sub-
catchment was determined. Land-use counts were exported to a Microsoft Excel file and 
the relative proportions of each land-use for each sub-catchment was determined. Using 
this spatial land-use data and the yearly average concentrations for each sampling 
location, the correlation coefficients for each land-use – constituent pair were determined 
as 
𝑟𝑟𝑥𝑥𝑦𝑦 = 𝑛𝑛∗𝛴𝛴𝑥𝑥𝑖𝑖𝑦𝑦𝑖𝑖−𝛴𝛴𝑥𝑥𝑖𝑖∗𝛴𝛴𝑦𝑦𝑖𝑖
�𝑛𝑛∗𝛴𝛴𝑥𝑥𝑖𝑖
2−(𝛴𝛴𝑥𝑥𝑖𝑖)2�𝑛𝑛∗𝛴𝛴𝑦𝑦𝑖𝑖2−(𝛴𝛴𝑦𝑦𝑖𝑖)2                           (Equation 5.2.8) 
where 𝑥𝑥𝑠𝑠 is the sampled yearly concentration average for a given sampling location, 𝑦𝑦𝑠𝑠 is 
the respective land-use fraction for the sub-catchment, 𝑟𝑟𝑥𝑥𝑦𝑦 is the correlation coefficient 
for the given sampling location-land-use type pair, and n is the number of respective xy 
pairs. Plots of concentration against each land-use type were developed for both nutrient 
constituents. Sub-catchments were further characterized in these plots by identifying the 
relative proportion of the watershed that was considered developed. Developed land was 
assumed to consist of all developed land-use designations, while undeveloped land was 
considered to be all other land-use designations, including open water, forested land, 
cropland, hay and pasture, shrub and scrub, and herbaceous land covers. Regression 
coefficients for these plots were also determined and compared to the calculated Pearson 
correlation coefficients.    
5.2.2.2 Spatial Signal Source Decomposition 
 The spatial nutrient data collected for this project was ultimately used to perform 
a spatial signal source decomposition to determine the relative downstream nutrient 
concentrations contributed from areas dominated by either agricultural or urban land-
uses. The determination of these source contributions is important in understanding the 
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nutrient export from the catchment and identifying target areas for source reduction and 
remediation. The spatial decomposition was determined by the following overdetermined 
mass-balance expression 
𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥, 𝑡𝑡) = 𝑋𝑋𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥)𝑁𝑁𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡) + 𝑋𝑋𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑥𝑥)𝑁𝑁𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑡𝑡) + 𝑒𝑒(𝑥𝑥, 𝑡𝑡) (Equation 5.2.8) 
where 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥, 𝑡𝑡) is the collected data at each sampling location, 𝑋𝑋𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥) is the 
agricultural, or undeveloped, land-use fraction for the respective sub-catchment, 
𝑋𝑋𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑥𝑥) is the urban, or developed, land-use fraction for the respective sub-catchment, 
𝑒𝑒(𝑥𝑥, 𝑡𝑡) is the error term included for the optimization process, and 𝑁𝑁𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡) and 
𝑁𝑁𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑡𝑡) are the nitrate concentrations contributed by agricultural (undeveloped) and 
urban (developed) land, respectively. This decomposition was carried out using a simple 
least-squares optimization. Using the above expression, monthly decomposition 
calculations were determined by generating random values for the 𝑁𝑁𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡) and 
𝑁𝑁𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑡𝑡) and calculating the respective error for the given iteration by 
𝑒𝑒(𝑥𝑥, 𝑡𝑡) = 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥, 𝑡𝑡) − �𝑋𝑋𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥)𝑁𝑁𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡) + 𝑋𝑋𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑥𝑥)𝑁𝑁𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑡𝑡)� (Equation 5.2.9) 
For each iteration, the sum of squared errors was calculated as 
𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠 = ∑ [𝑒𝑒(𝑥𝑥, 𝑡𝑡)𝑠𝑠]2𝑛𝑛𝑠𝑠=1                                 (Equation 5.2.10) 
The error was then minimized by determining the minimum sum of squared errors, and 
the respective values for 𝑁𝑁𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡) and 𝑁𝑁𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑡𝑡) were reported. Sensitivity of this 
optimization was determined by varying the number of randomly generated iterations, as 
well as varying the range of randomly generated variables. 
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Chapter 5 Tables and Figures 
 
 
Figure 5.1.1: SUNA V2 Ultraviolet Spectroscopy Nitrate Analyzer (Satlantic, 2011) 
 
Table 5.1.1: SUNA V2 Analytical (Satlantic, 2011) 
Concentration 
Range Seawater and Freshwater Calibrations (10 mm Pathlength) 
 Sensor Specific Class-Based 
Best Accuracy 2 µM (0.028 mgN/L) 2.5 µM (0.035 mgN/L) 
Up to 1000µM 
(14 mgN/L) 10 % 20 % 
Up to 2000µM 
(28 mgN/L) 15 % 25 % 
Up to 3000µM 
(42 mgN/L) 20 % 30 % 
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Figure 5.1.2: Yellow Springs Inc. Multiparameter Sondes (YSI, 2014) 
 
Table 5.1.2: Yellow Springs Inc. Multiparameter Sonde Analytical (YSI, 2014) 
Analyte Temperature ROX Optical DO (mg/L) pH Turbidity Conductivity 
      
Parameter      
Range -5 ° -to 50 °C 0 to 50 mg/L 0 to 14  0 to 1000 NTU 0 to 100 mS/cm 
Accuracy +/- 0.15 °C 
0 to 20 mg/L, +/- 
1 % of the 
reading or 0.1 
mg/L. 
20 to 50 mg/L, 
+/- 15 % of the 
reading 
+/- 0.2 
+/- 2% of 
reading or 
0.3 NTU 
+/- 0.5% of 
reading + 0.1 
mS/cm 
Resolution 0.01 °C 0.01 mg/L 0.01 0.1 NTU 0.001 mS/cm to 0.1 mS/cm 
Temperature 
Range - -5 to 50 °C 
-5 to 50 
°C -5 to 50 °C -5 to 60 °C 
Depth 200 m 60 m 200 m 61 m 200 m 
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Figure 5.1.3: Royal Spring Sensor Platform Schematic 
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Figure 5.1.4: Royal Springs Sensor Platform Installation 
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Figure 5.1.5: Upper South Elkhorn Sensor Platform Schematic 
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Figure 5.1.6: Upper South Elkhorn Sensor Platform Installation 
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Figure 5.1.7: Raw Sensor Nitrate-N Data with Observed Diel Cycling 
 
 
Figure 5.1.8: Nitrate-N Diel Cycle Trend Determination 
 
118 
 
 
Figure 5.1.9: Detrended Nitrate-N Diel Cycle  
 
 
Figure 5.1.10: Nitrate-N Daily Loss Calculation 
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Table 5.1.3: Event Characterization Metrics 
 
 
Characteristic Definition Calculation
Initial discharge magnitude at the beginning of the 
event.
-
Time of incipient discharge increase, i.e. beginning of 
the event. 
-
Maximum discharge magnitude during the event. -
Time of maximum discharge magnitude during the 
event.
-
Final discharge magnitude at the end of the 
hydrograph recession.
-
Time of the end of the hydrograph recession, i.e. the 
end of the event.
-
Initial nitrate concentration immediately before 
incipient nitrate flush or dilution.
-
Time of incipient nitrate concentration change. -
Minimum nitrate concentration during event response. -
Time of minimum nitrate concentration during event 
response.
-
Maximum nitrate concentration during event response. -
Time of maximum nitrate concentration during event 
response.
-
Final nitrate concentration at the end of the 
hydrograph recession.
-
Runoff volume during the event. Equation 5.15
Flush volume. Volume of event water discharged 
before incipient flush or change in nitrate 
concentration.
Equation 5.16
R Event rainfall magnitude. -
Duration of the event.
Time-lag of event nitrate response. Equation 5.14
Time since previous identified event, i.e. time between 
events.
-
Discharge magnitude of previous event. -
𝑄𝑄𝑠𝑠
𝑄𝑄𝑠𝑠𝑎𝑎𝑠𝑠𝑝𝑝
𝑄𝑄𝑓𝑓
𝑇𝑇𝑄𝑄𝑠𝑠𝑎𝑎𝑠𝑠𝑝𝑝
𝑁𝑁𝑠𝑠
𝑁𝑁𝑚𝑚𝑠𝑠𝑛𝑛
𝑇𝑇𝑁𝑁𝑚𝑚𝑠𝑠𝑛𝑛
𝑁𝑁𝑚𝑚𝑠𝑠𝑥𝑥
𝑇𝑇𝑁𝑁𝑚𝑚𝑠𝑠𝑥𝑥
𝑁𝑁𝑓𝑓
𝑇𝑇𝑄𝑄𝑠𝑠
𝑇𝑇𝑄𝑄𝑓𝑓
𝑇𝑇𝑁𝑁𝑠𝑠
𝑉𝑉
𝑉𝑉𝐹𝐹
𝑇𝑇𝐸𝐸
𝑇𝑇𝐿𝐿𝑠𝑠𝑎𝑎
𝑇𝑇𝐸𝐸𝑃𝑃
𝑄𝑄𝐸𝐸𝑃𝑃
𝑇𝑇𝑄𝑄𝑓𝑓 − 𝑇𝑇𝑄𝑄𝑖𝑖
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Figure 5.1.11: Hysteresis Loop 
 
 
Figure 5.1.12: Hysteresis Loop Direction 
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Figure 5.1.13: Hysteresis Loop Trend 
 
 
Figure 5.1.14: Hysteresis Loop Area 
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Figure 5.1.15: Hysteresis Loop Shape 
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Figure 5.1.16: Concave-Up Hysteresis Loop Curvature 
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Figure 5.1.17: Concave Down Hysteresis Loop Curvature 
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Table 5.1.4: Hysteresis Loop Curvature 
 
 
 
Figure 5.1.18: Hysteresis Loop Closure 
 
Concave-Up Concave-Down
Single-Line Clockwise Counter-Clockwise Single-Line
Diluting
Clockwise Counter-Clockwise
Accreting              
∆𝑇𝑇𝐶𝐶 < ∆𝑇𝑇𝑄𝑄 ∆𝑇𝑇𝐶𝐶 < ∆𝑇𝑇𝑄𝑄
𝑇𝑇𝐶𝐶𝑝𝑝 < 𝑇𝑇𝑄𝑄𝑝𝑝 𝑇𝑇𝐶𝐶𝑝𝑝 > 𝑇𝑇𝑄𝑄𝑝𝑝 ∆𝑇𝑇𝐶𝐶 < ∆𝑇𝑇𝑄𝑄𝑇𝑇𝐶𝐶𝑝𝑝 = 𝑇𝑇𝑄𝑄𝑝𝑝 ∆𝑇𝑇𝐶𝐶 > ∆𝑇𝑇𝑄𝑄𝑇𝑇𝐶𝐶𝑝𝑝 < 𝑇𝑇𝑄𝑄𝑝𝑝
∆𝑇𝑇𝐶𝐶 > ∆𝑇𝑇𝑄𝑄
𝑇𝑇𝐶𝐶𝑝𝑝 < 𝑇𝑇𝑄𝑄𝑝𝑝∆𝑇𝑇𝐶𝐶 > ∆𝑇𝑇𝑄𝑄𝑇𝑇𝐶𝐶𝑝𝑝 > 𝑇𝑇𝑄𝑄𝑝𝑝 ∆𝑇𝑇𝐶𝐶 > ∆𝑇𝑇𝑄𝑄𝑇𝑇𝐶𝐶𝑝𝑝 = 𝑇𝑇𝑄𝑄𝑝𝑝
∆𝑇𝑇𝐶𝐶 > ∆𝑇𝑇𝑄𝑄
𝑇𝑇𝐶𝐶𝑝𝑝 > 𝑇𝑇𝑄𝑄𝑝𝑝
∆𝑇𝑇𝐶𝐶 < ∆𝑇𝑇𝑄𝑄
𝑇𝑇𝐶𝐶𝑝𝑝 > 𝑇𝑇𝑄𝑄𝑝𝑝 ∆𝑇𝑇𝐶𝐶 < ∆𝑇𝑇𝑄𝑄𝑇𝑇𝐶𝐶𝑝𝑝 < 𝑇𝑇𝑄𝑄𝑝𝑝 ∆𝑇𝑇𝐶𝐶 < ∆𝑇𝑇𝑄𝑄𝑇𝑇𝐶𝐶𝑝𝑝 = 𝑇𝑇𝑄𝑄𝑝𝑝
∆𝑇𝑇𝐶𝐶 > ∆𝑇𝑇𝑄𝑄
𝑇𝑇𝐶𝐶𝑝𝑝 = 𝑇𝑇𝑄𝑄𝑝𝑝
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Figure 5.1.19: Hysteresis Loop Time-Lag 
 
 
Figure 5.1.20: Hysteresis Loop Direction for Decomposition Constraints 
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Figure 5.1.21: Hysteresis Loop Trend for Decomposition Constraints 
 
 
Figure 5.1.22: Hysteresis Loop Area for Decomposition Constraints 
 
 
Figure 5.1.23: Hysteresis Loop Shape for Decomposition Constraints 
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Figure 5.1.24: Hysteresis Loop Closure for Decomposition Constraints 
 
 
Figure 5.1.25: Hysteresis Loop Time-Lag for Decomposition Constraints 
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Figure 5.1.26: Conceptual End-Member Hydrographs 
 
 
Figure 5.1.27: Sub-basin Overland Flow Velocity Determination (Mahoney et al., 2019) 
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Figure 5.1.28: Overland Flow Time Determination (Mahoney et al., 2019) 
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Figure 5.1.29: Idealized Nitrate Event Response 
 
 
Figure 5.1.30: Baseflow Discharge and Nitrate Concentration Determination 
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Figure 5.1.31: Conceptual End-Member Nitrate Signals  
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Figure 5.1.32: Event Piston Flush Period Determination 
 
 
Figure 5.1.33: Piston Flush Discharge Allocation 
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Figure 5.2.1: Spatial Sampling Locations 
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Table 5.2.1: Spatial Sampling Schedule 
Sampling Date Samplers / Personnel Sample Type 
October 30th, 2017 Evan Clare , Isaac Weddington Monthly 
November 27th, 2017 Evan Clare, Isaac Weddington Monthly 
December 18th, 2017 Evan Clare, Isaac Weddington Monthly 
January 22nd, 2018 Evan Clare, Allison Rexroat Monthly 
February 16th, 2018 Evan Clare, Thomas Dunlop Monthly / Event 
February 22nd – 25th, 2018 Evan Clare Limited Event 
March 5th, 2018 Evan Clare Monthly / Duplicate 
April 6th, 2018 Evan Clare, Thomas Dunlop Monthly 
May 4th, 2018 Evan Clare, Thomas Dunlop Monthly 
May 23rd, 2018 Evan Clare, Thomas Dunlop Monthly 
July 2nd, 2018 Evan Clare, Tyler Mahoney Monthly 
August 1st, 2018 Evan Clare Monthly 
September 4th, 2018 Evan Clare, Thomas Dunlop Monthly 
September 9th, 2018 Evan Clare Event 
October 2nd, 2018 Evan Clare, Thomas Dunlop Monthly 
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Chapter 6: Results 
6.1 Integrated Temporal Signal Decomposition 
 This section presents the relevant results obtained from the analysis of sensor 
time-series data collected at both sensor platform locations in the Upper South Elkhorn 
Watershed and the Royal Springs karst drainage basin. Continuous water quality 
monitoring with the utilization of contemporary sensor technology was conducted with 
the intent to analyze and characterize watershed hydrologic and nutrient export processes 
across a spectrum of flow conditions, and to characterize hydrologic event dynamics and 
associated nutrient responses. Ultimately, the collected temporal sensor nutrient and 
hydrologic data was intended for the decomposition of flow and nutrient loadings into 
end-member sources during hydrologic events. All nitrate results presented in this section 
are reported as Nitrate as nitrogen. 
6.1.1 Integrated Temporal Data Collection and QA/QC 
 Sensor platforms were installed in the respective watersheds in the summer of 
2017. The sensor platform at the Royal Spring location was installed and began collecting 
water quality data on June 19, 2017. The sensor platform at the Upper South Elkhorn 
location was installed and began collecting water quality data on August 2, 2017. Data 
used for this study was collected from the dates of installation until July 3, 2018. Notable 
breaks in the data stream at the Upper South Elkhorn sensor platform location include the 
period between September 22, 2017 and November 15, 2017, when low flows forced the 
sensor platform to be removed from the stream. Equipment malfunction caused data loss 
from the Upper South Elkhorn sensor platform between the dates of December 20, 2017 
and January 17, 2018. Equipment failure caused data loss at the Royal Spring sensor 
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platform beginning on April 28, 2018 and continuing through the end of the study period. 
At the Upper South Elkhorn sensor platform 23,582 valid data points were collected for 
the parameters; stream discharge, nitrate, conductivity, dissolved oxygen, pH, and 
temperature. Due to sensor malfunctions, only 15,201 valid data points were collected for 
turbidity at this location. The modified GCE quality assurance analysis yielded 4,290 data 
flags for temperature at this location, and after review, no data points were removed. The 
QA script yielded 10,638 data flags for turbidity at this location, and after review, 4,201 
data points were removed. The QA script yielded 569 data flags for conductivity at this 
location, and after review, no data points were removed. The QA script yielded 86 data 
flags for dissolved oxygen at this location, and after review, no data points were 
removed. The QA script yielded 569 data flags for pH at this location, and after review, 
no data points were removed. The QA script yielded 318 data flags for nitrate at this 
location, and after review, 125 data points were removed. At the Royal Spring sensor 
platform 22,939 valid data points were collected for the parameters; stream discharge, 
nitrate, conductivity, dissolved oxygen, pH, turbidity, and temperature. The modified 
GCE quality assurance analysis yielded no data flags for temperature at this location. The 
QA script yielded 7,692 data flags for turbidity at this location, and after review, two data 
points were removed. The QA script yielded two data flags for conductivity at this 
location, and after review, no data points were removed. The QA script yielded two data 
flags for dissolved oxygen at this location, and after review, no data points were 
removed. The QA script yielded no data flags for pH at this location. The QA script 
yielded 3,601 data flags for nitrate at this location, and after review, 1,782 data points 
were removed.  
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 Hydrologic data collected for the 2018 water year was compared to statistics 
calculated for the previous ten years of available discharge and precipitation data for the 
system. Average daily discharge from the Upper South Elkhorn watershed for the past ten 
years was determined to be 1.24 m3/s. The average daily discharge for the 2018 water 
year was 1.74 m3/s. This was the highest calculated average daily discharge of any year 
in the past ten water years. Yearly discharge comparisons are displayed in Table 6.1.1. 
Total yearly precipitation in the Upper South Elkhorn was also calculated for the past ten 
years. Average yearly precipitation for the system was found to be 55.1 inches, or 1399 
mm. Calculated total precipitation for the 2018 water year was found to be the highest of 
any of the past ten years for the system, at 66.4 inches or 1686 mm. Yearly precipitation 
comparisons are displayed in Table 6.1.2. 
 Dissolved nitrate concentration was the primary parameter measured by the 
sensor platforms at both locations. To verify the accuracy of the continuous nitrate 
sensor, discrete samples were collected monthly during the operation of the sensor 
platforms at both sites as a part of the spatial signal source decomposition study. Figure 
6.1.1 displays the correlation between concentrations from collected discrete samples and 
the corresponding sensor measurement for the Upper South Elkhorn watershed. A total of 
19 samples were collected for comparison over the study period, and a coefficient of 
determination of 0.875 was determined for a regression against the 1:1 line using discrete 
sample values as the dependent variable. Figure 6.1.2 displays the correlation between 
concentrations from collected discrete samples and the corresponding sensor 
measurement for the Royal Spring watershed. A total of 7 samples were collected for 
comparison over the study period, and a coefficient of determination of 0.827 was 
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determined for a regression against the 1:1 line using discrete sample values as the 
dependent variable. Sensor measurements tended to underestimate nitrate concentrations 
at lower concentrations and overestimate values slightly at higher concentrations. A two-
sample z-test was performed to determine the relative statistical difference between the 
sensor data and discrete data for times when discrete samples were collected. It was 
determined that the sample means were not statistically different (𝑝𝑝 = 0.446 , 𝑧𝑧 =
−0.762). No adjustments were made to the recorded sensor data for the following 
analyses. 
 The additional water quality parameter values conductivity, dissolved oxygen, 
and pH collected by the sensor platform located at the Upper South Elkhorn watershed 
outlet were compared to associated parameter values collected by the United States 
Geological Survey at their gaging station located at the same site for times when both 
sources were available. Figure 6.1.3 displays the correlation between conductivity 
measurements taken by the USGS gaging station and the sensor platform. A coefficient 
of determination of 0.252 was determined for this regression. Measurements from the two 
sensors were well correlated for multiple long stretches of time during the conductance of 
this project. However, slight error in calibrations of either sensor could have misaligned 
the correlation over the year. Figure 6.1.4 displays the correlation between dissolved 
oxygen measurements taken by the USGS gaging station and the sensor platform. A 
coefficient of determination of 0.790 was determined for this regression. Dissolved 
oxygen measurements are relatively well correlated during the project. Figure 6.1.5 
displays the correlation between pH measurements taken by the USGS gaging station and 
the sensor platform. A coefficient of determination of 0.811 was determined for this 
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regression. The resolution of the USGS pH sensor was determined to have a lower 
resolution than the pH sensor used for this project. 
6.1.2 Integrated Temporal Data Analysis 
 Sensor time-series data analysis and post-processing included a three-part 
investigation of the data results at the Upper South Elkhorn sensor platform site. First, a 
general examination and analysis of the signal composition and associated watershed 
processes that regulate this signal was completed. This analysis included the calculation 
of data statistics (mean, standard deviation, variance, etc.), observation of seasonal and 
yearly trends, analysis of diel nitrate cycling, and analysis of constituent behavior across 
the full range of observed flow regimes. Second, a general analysis was performed to 
identify and characterize hydrologic events for both watersheds. Finally, an intensive 
analysis of 11 selected events in the Upper South Elkhorn watershed was performed to 
characterize constituent response to hydrologic events across the full range of observed 
flow regimes, and to constrain and ultimately perform a nonconservative end-member 
flow source decomposition. The results of these analyses are presented herein. 
6.1.2.1 General Signal Composition Analysis 
 Parameter statistics were calculated for the data collected at the Upper South 
Elkhorn watershed sensor platform both seasonally and for the year as a whole. Statistical 
parameters calculated included parameter average, parameter standard deviation, 
parameter variation, and maximum and minimum values recorded during the respective 
monitoring period. Yearly statistics are displayed in Table 6.1.3. Average discharge 
recorded at the watershed outlet was determined to be 1.58 m3/s, with a standard 
deviation of 2.78 m3/s, and a variance of 7.75 m3/s. Minimum recorded discharge for 
141 
 
the year at the watershed outlet was 0.035 m3/s, while the maximum recorded discharge 
at the watershed outlet was 51.5 m3/s. Average nitrate concentration recorded at the 
watershed outlet was determined to be 2.28 mg/L, with a standard deviation of 0.654 
mg/L, and a variance of 0.428 mg/L. Minimum recorded nitrate concentration for the 
year at the watershed outlet was 0.475 mg/L, while the maximum recorded nitrate 
concentration at the watershed outlet was 3.62 mg/L. Average turbidity values recorded 
at the watershed outlet was determined to be 20.5 ntu, with a standard deviation of 30.3 
ntu, and a variance of 920 ntu. Minimum recorded turbidity value for the year at the 
watershed outlet was 0.00 ntu, while the maximum recorded turbidity value at the 
watershed outlet was 787 ntu. Average conductivity values recorded at the watershed 
outlet was determined to be 418 uS/cm, with a standard deviation of 113 uS/cm, and a 
variance of 12,714 uS/cm. Minimum recorded conductivity value for the year at the 
watershed outlet was 124 uS/cm, while the maximum recorded conductivity value at the 
watershed outlet was 792 uS/cm. Average dissolved oxygen concentration recorded at the 
watershed outlet was determined to be 9.21 mg/L, with a standard deviation of 2.69 
mg/L, and a variance of 7.24 mg/L. Minimum recorded dissolved oxygen concentration 
for the year at the watershed outlet was 2.67 mg/L, while the maximum recorded 
dissolved oxygen concentration at the watershed outlet was 17.0 mg/L. Average pH 
values recorded at the watershed outlet was determined to be 8.09, with a standard 
deviation of 0.209, and a variance of 0.044. Minimum recorded pH for the year at the 
watershed outlet was 7.32, while the maximum recorded pH at the watershed outlet was 
8.67. Average water temperature recorded at the watershed outlet was determined to be 
14.1 °C, with a standard deviation of 6.41 °C, and a variance of 41.1 °C. Minimum 
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recorded water temperature for the year at the watershed outlet was 0.00 °C, while the 
maximum recorded water temperature at the watershed outlet was 25.6 °C. 
 Seasonal statistics for each monitored parameter at the Upper South Elkhorn 
sensor platform are displayed in Table 6.1.4. Highest seasonal average nitrate 
concentration occurred in the winter of 2018 with a value of 2.93 mg/L, while the lowest 
seasonal average nitrate concentration occurred in the summer of 2017 with a value of 
1.54 mg/L. Nitrate concentration time series data along with a 7-day moving average 
trendline is plotted in Figure 6.1.6. Highest seasonal average turbidity occurred in the 
spring of 2018 with a value of 28.3 ntu, while the lowest seasonal average turbidity 
occurred in the fall of 2017 with a value of 3.07 ntu. Highest seasonal average 
conductivity occurred in the summer of 2017 with a value of 549 uS/cm, while the lowest 
seasonal average conductivity occurred in the fall of 2017 with a value of 319 uS/cm. 
Highest seasonal average dissolved oxygen concentration occurred in the fall of 2017 
with a value of 11.6 mg/L, while the lowest seasonal average dissolved oxygen 
concentration occurred in the summer of 2017 with a value of 6.24 mg/L. Highest 
seasonal average pH occurred in the spring of 2018 with a value of 8.18, while the lowest 
seasonal average pH occurred in the summer of 2017 with a value of 7.93. Highest 
seasonal average temperature occurred in the fall of 2017 with a value of 20.0 °C, while 
the lowest seasonal average temperature occurred in the fall of 2017 with a value of 6.50 
°C. 
 Averaged daily nitrate loadings were calculated seasonally and for the year as a 
whole at the Upper South Elkhorn watershed outlet. Calculated daily and total loadings 
are displayed in Table 6.1.5. Calculated average daily nitrate loadings for the summer of 
143 
 
2017 were 0.087 metric tons of nitrate (as nitrogen) per day. Calculated average daily 
nitrate loadings for the fall of 2017 were 0.084 metric tons of nitrate (as nitrogen) per 
day. Calculated average daily nitrate loadings for the winter of 2018 were 0.680 metric 
tons of nitrate (as nitrogen) per day. Calculated average daily nitrate loadings for the 
spring of 2018 were 0.295 metric tons of nitrate (as nitrogen) per day. The yearly 
averaged daily nitrate (as nitrogen) loading was calculated to be 0.334 metric tons per 
day, yielding an average yearly export of 122 metric tons of nitrate as nitrogen from the 
watershed. The Upper South Elkhorn watershed is approximately 62 km2, and therefore 
the watershed produces an estimated 0.005 MT/d-km2, or an estimated 1.94 MT/yr-km2. 
Days in which a storm event occurred were identified and nitrate loadings were 
calculated for these days individually and compared to the nitrate loadings calculated for 
baseflow days. Nitrate loading produced during increased discharge storm events was 
determined to account for approximately 44% of the total yearly calculated nitrate load. 
Days in which a storm event occurred only accounted for 25% of days sampled at the 
Upper South Elkhorn sensor platform.  
 Averaged daily nitrate concentration loss was calculated for all days with 
observable nitrate cycling at the Upper South Elkhorn watershed outlet. Average seasonal 
and yearly losses are displayed in Table 6.1.6. Calculated average daily nitrate 
concentration loss during the summer of 2017 was 0.033 mg/L-d, or 2.07% of mean daily 
nitrate concentration. Calculated average daily nitrate concentration loss during the fall of 
2017 was 0.049 mg/L-d, or 2.30% of mean daily nitrate concentration. Calculated 
average daily nitrate concentration loss during the winter of 2018 was 0.040 mg/L-d, or 
1.45% of mean daily nitrate concentration. Calculated average daily nitrate concentration 
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loss during the spring of 2018 was 0.00.046 mg/L-d, or 1.95% of mean daily nitrate 
concentration. Calculated average daily nitrate concentration loss for the full year was 
0.040 mg/L-d, or 1.91% of mean daily nitrate concentration. Of the 249 days with 
available nitrate concentration data at the Upper South Elkhorn sensor platform, 140 
days, or 56%, exhibited identifiable daily nitrate cycling.  
 Constituent correlation with stream discharge over the full range of flow regimes 
that occurred at the Upper South Elkhorn watershed outlet during the study period were 
determined through regression analysis and general plot examination. Figures 6.1.7 – 
6.1.12 display the relationship between the monitored parameters and discharge at the 
Upper South Elkhorn watershed outlet. Figures 6.1.13 – 6.1.18 display the general 
constituent curves against increasing average discharge. Table 6.1.8 displays the average 
constituent values with increasing discharge magnitudes.  
6.1.2.2 General Event Characterization 
 The response of nitrate concentrations to increased discharge events were of 
particular interest. Therefore, an intensive investigation into nitrate event response 
dynamics was conducted for each identified event at both sensor platform locations. 
During the study period, 31 events were identified at the Upper South Elkhorn watershed 
outlet. Average event peak discharge for events at this sensor platform location was 
determined to be 9.51 m3/s, while the lowest peak discharge for an event at this location 
was 1.69 m3/s, and the highest peak discharge for an event at this location was 51.5 m3/s. Figure 6.1.19 shows the idealized nitrate concentration event response based on 
observed data. Nitrate concentrations generally remain constant throughout the rising 
limb of the event hydrograph, before diluting to an event minimum value during the 
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falling limb of the hydrograph. Subsequent to the dilution, nitrate concentrations 
generally increased to greater than pre-event concentrations during the later stages of the 
hydrograph recession before ultimately stabilizing to approximate pre-event 
concentrations. Influence of event characteristics on this idealized response were 
investigated for each event that occurred in the Upper South Elkhorn watershed during 
this study period. 
  Event response characteristics were found to be correlated with event runoff 
volume. Figure 6.1.20 displays the relationship between maximum event nitrate 
concentrations and calculated event runoff volume. Maximum event nitrate 
concentrations tend to increase logarithmically with increasing event runoff volume. 
Figure 6.1.21 displays the relationship between event nitrate response time-lag and event 
runoff volume. The time-lag in event nitrate response tends to increase linearly with 
increasing event runoff volume. Similarly, the time-lag in event nitrate response tends to 
increase linearly with increasing event flush volume (Figure 6.1.22). The time-lag in 
event nitrate response tends to increase linearly with increasing event duration (Figure 
6.1.23). The time-lag in event nitrate response tends to decrease logarithmically with 
increasing minimum event nitrate concentration (Figure 6.1.24). The time-lag in event 
nitrate response tends to decrease linearly with increasing time between events (Figure 
6.1.25). Minimum event nitrate concentrations tend to increase linearly with increasing 
maximum event nitrate concentrations (Figure 6.1.26). Maximum event nitrate 
concentrations tend to increase logarithmically with increasing event discharge 
magnitude (Figure 6.1.27). Figure 6.1.28 displays the relationship between the flush 
volume discharged before incipient nitrate concentration change in response to the event 
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against the total volume of the event. This flush volume increases logarithmically with 
increasing total event discharge volume. 
6.1.2.3 Event Signal Decomposition 
 A further investigation of event constituent export mechanics and dynamics 
between events was subsequently performed. A three part analysis method was developed 
to qualitatively and quantitatively characterize constituent event responses and to 
determine end-member flow and constituent sources. Eleven events that occurred in the 
Upper South Elkhorn watershed were selected for intensive investigation within this 
analysis procedure. Table 6.1.9 details the chosen events, displaying peak discharge for 
each event and the available parameter data. Events were chosen to maximize available 
parameter response data, as well as to represent the full range of observed flow regimes at 
the Upper South Elkhorn watershed outlet. Event responses for dissolved oxygen and 
temperature do not exhibit clear observable or repeatable patterns and therefore were 
omitted from the analysis moving forward.  
6.1.2.3.1 General Hysteresis Method 
 The first step in this analysis method was a general, semi-quantitative hysteresis 
analysis of the constituent event responses using a series of developed hysteresis 
descriptors. Normalized hysteresis loops were developed for each selected event for each 
available parameter. Figure 6.1.29a-k displays the constructed hysteresis loops for 
measured nitrate. Figure 6.1.30a-k displays the constructed hysteresis loops for measured 
conductivity. Figure 6.1.31a-j displays the constructed hysteresis loops for measured pH. 
Figure 6.1.32a-g displays the constructed hysteresis loops for measured turbidity. 
Hysteresis descriptor metrics were applied for each constructed loop for each constructed 
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parameter. Table 6.1.10 and Table 6.1.11 detail the results of the semi-quantitative 
hysteresis analysis for each parameter.  
 The average hysteresis response to an event occurring in the Upper South Elkhorn 
watershed for in-stream nitrate was a loop with single-loop shape, clockwise direction, 
diluting trend, convex curvature, strong area, open closure, and a lagged response. The 
average hysteresis response to an event occurring in the Upper South Elkhorn watershed 
for in-stream conductivity was a loop with single-loop shape, clockwise direction, 
diluting trend, convex curvature, strong area, open closure, and a lagged response. The 
average hysteresis response to an event occurring in the Upper South Elkhorn watershed 
for in-stream pH was a loop with single-loop shape, clockwise direction, diluting trend, 
concave-up curvature, strong area, closed closure, and a lagged response. The average 
hysteresis response to an event occurring in the Upper South Elkhorn watershed for in-
stream turbidity was a loop with single-loop shape, counter-clockwise direction, accreting 
trend, weak area, open closure, and a lagged response.  
 Nitrate, conductivity, and pH event hysteresis responses generally followed the 
same behavior. Loops for these parameters generally lagged behind increasing discharge, 
with a subsequent dilution with minimum concentrations for the event occurring when 
discharge magnitudes in the recessing limb of the hydrograph were less than 0.5× 𝑄𝑄𝑠𝑠𝑎𝑎𝑠𝑠𝑝𝑝. 
Turbidity event hysteresis responses generally occurred with a similar lagged response, 
with a subsequent accretion with maximum values for the event occurring when 
discharge magnitudes in the recessing limb of the hydrograph were greater than 0.5×
𝑄𝑄𝑠𝑠𝑎𝑎𝑠𝑠𝑝𝑝. 
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 Discharge magnitude was determined to greatly influence hysteresis loop 
response for each parameter observed. Figure 6.1.33 displays nitrate hysteresis responses 
for the full range of event flow regimes examined in this study. Nitrate hysteresis 
responses became increasingly diluted with increasing discharge maximums for the 
associated event. Time-lagged responses became less significant with increasing 
discharge magnitude. Loop areas became gradually weaker with increasing maximum 
discharge, while loop shape were often either figure-8 or single line for higher discharge 
events. Similar patterns were observed with conductivity and pH hysteresis loops as well. 
Turbidity hysteresis responses experienced increasingly positive loop trends with 
increasing discharge maximums for the associated event. Time-lagged responses became 
less significant with increasing discharge magnitude. Loop areas became gradually 
weaker with increasing maximum discharge, while loop shape were often either figure-8 
or single line for higher discharge events. 
6.1.2.3.2 Hysteresis for Decomposition Characterization 
 Hysteresis loops constructed for the 11 chosen nitrate response events largely fell 
within two distinct shape patterns, which were dependent on event magnitude. Small 
events (Event 3/9/18) to moderate events (Event 12/5/17), displayed single-loop shape, 
clockwise rotation, larger loop areas, dilution in the recessing limb of the hydrograph 
with a slight overall dilution according to the Flushing Index, and pronounced time-lags 
in the rising limbs. Figure 6.1.34 displays the hysteresis loop for Event 3/9/18, and 
highlights the characteristics of these small to moderate event responses that were 
considered typical. The clockwise direction, considered along with the prevailing strong 
areas, indicates that pre-event and early event source contributions are generally higher 
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than later event contributions. The dilution in the recessing limb of each of these events 
corroborates this result. The triangular single-loop shape of the loops for events of these 
magnitudes, events with a maximum discharge of less than 20.0 𝑚𝑚3/𝑠𝑠, indicates that 
three-distinct end-members contribute over the duration of the event. The time-lag 
marked by stable concentration over the rising limb indicates and early event flush (1), 
with a subsequent mixing limb as the concentration dilutes (2), and a second mixing limb 
late in the recession as the concentration returns to pre-event baseflow levels (3).  
 Events with greater discharge magnitudes (Events 5/5/18 and 2/22/18) resulted in 
rapid diluting hysteresis loops, with weak loop areas considered to be single-lines instead 
of loops, and no distinct time-lags (Figure 6.1.35). These event responses indicate only 
two primary end-member flow sources, as the intensity and magnitude of rainfall and 
runoff wash out the signal from the quick response groundwater flush end-member.   
6.1.2.3.3 Temporal Decomposition Method 
 Decomposition of event end-member flow sources and their associated nitrate 
concentrations was completed for each chosen event. Table 6.1.12 details the general 
results of the decomposition for each event and each respective end-member discharge 
and nitrate concentration characteristics. Figures 6.1.36 – 6.1.47a-h display the specific 
results of the decomposition for each small to moderate event. Note that concentration 
curves for the respective end-members are only displayed for times in which the end-
member was determined to be active. The range of the parameter space for each end-
member concentration is displayed. This range was determined from the top 10 percent of 
accepted simulation runs. The calculated best fit line is displayed for each end-member 
concentration for each event. However, it should be noted that any line within the 
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presented parameter space range would yield an acceptable result. Figures 6.1.36-6.1.47a 
display the measured in-stream event nitrate concentration (𝑁𝑁𝑇𝑇) and the modeled event 
nitrate concentration (𝑁𝑁𝑀𝑀). Figures 6.1.36-6.1.47b display the comparison of the 
calculated and modeled curves for the Q’ term 
𝑄𝑄′[𝑡𝑡] = [𝑁𝑁𝑡𝑡 ∗ 𝑄𝑄𝑡𝑡][𝑡𝑡] − [𝑁𝑁𝐵𝐵𝐹𝐹 ∗ 𝑄𝑄𝐵𝐵𝐹𝐹][𝑡𝑡]                        (Equation 5.1.39) 
Figures 6.1.36-6.1.47c display a comparison of the measured and modeled hysteresis 
loop for each event. Figures 6.1.36-6.1.47d display the measured and modeled nitrate 
concentrations compared by a regression analysis and the calculated coefficient of 
determination for the event.  
Figures 6.1.36-6.1.47e display the calculated discharge for each active end-member. 
Figures 6.1.36-6.1.47f display the baseflow and piston flush nitrate concentrations 
determined for the event. Figures 6.1.36-6.1.47g display the parameter space and best fit 
for the interflow end-member nitrate concentration. Figures 6.1.36-6.1.47h display the 
parameter space and best fit for the runoff end-member nitrate concentration. The two 
largest events occurring on May 5, 2018 and February 22, 2018 were simulated as two 
end-member events (groundwater and runoff), while the remaining events were simulated 
as three end-member events (baseflow, quick response groundwater flush, and runoff). 
 Simulated nitrate event responses were well correlated with measured nitrate 
concentrations. The average coefficient of determination for small to moderate events 
was 0.952, while the average Nash Sutcliffe statistic was 0.906 for the same events. The 
average coefficient of determination for the two largest events was 0.985, while the Nash 
Sutcliffe statistic for the same events was 0.976. The median order of polynomial for 
best-fit simulation was a 4th-order polynomial for the small to moderate events, while 
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both larger events were simulated with 3rd-order polynomials. The average peak 
discharge for the baseflow end-member for the three end-member events was calculated 
to be 1.61 m3/s, the average peak discharge for the interflow end-member was calculated 
to be 1.80 m3/s, the average peak discharge for the runoff end-member was calculated to 
be 3.89 m3/s, and the average peak discharge for the piston flush end-member was 
calculated to be 4.88 m3/s. The average peak discharge for the baseflow end-member for 
the two end-member events was calculated to be 12.7 m3/s, the average peak discharge 
for the runoff end-member was calculated to be 41.5 m3/s, and the average peak 
discharge for the piston flush end-member was calculated to be 2.20 m3/s.  
 Baseflow nitrate concentrations generally accreted over the duration of the storm 
events, except for the two lowest discharge magnitude events occurring on March 9, 2018 
and September 5, 2017, while runoff nitrate concentrations exhibited the opposite trend, 
i.e. generally diluting excepting the two lowest discharge magnitude events. Nitrate 
concentration curves for the interflow end-member were more variable, showing 
accreting patterns for three of the small to moderate events, diluting patterns for four of 
the small to moderate events, and inter-event variation in two events, in which the curve 
initially increased and subsequently diluted. Nitrate concentration curves for the piston 
flush were also varied, showing accreting patterns for two of the small to moderate 
events, diluting patterns for three of the small to moderate events, stable patterns for one 
small to moderate event, and inter-event variation in three events, in which the curve 
initially increased and subsequently diluted. 
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 Simulated nitrate concentrations generally captured the early event time-lag in the 
concentration response when it was present. However, the simulated total nitrate curve 
often underestimated the subsequent dilution observed for in-stream nitrate concentration.  
6.2 Spatial Signal Decomposition 
 This section presents the relevant results obtained from the spatially distributed 
watershed grab sampling project which was conducted beginning in October 2017 and 
continuing through October 2018. The goal of this spatial sampling was to quantify the 
portion of the integrated nutrient signal measured at the watershed outlet contributed 
from agricultural and urban spatial sources and to allow for the decomposition of spatial 
source contributions to this integrated nutrient signal, as well as to identify additional 
nutrient sources or sinks. 
6.2.1 Spatial Data Collection and QA/QC 
 Sampling data collection included a physical characterization of the sampling 
locations and their associated upstream sub-catchments, as well as a chemical and 
hydrological analysis for desired primary and secondary data parameters. The physical 
characterization of the sampling locations included an initial survey of the stream 
bathymetry and surrounding land topography, as well as a delineation of the sub-
catchments upstream of each associated sampling location. Cross-sectional and 
longitudinal profile elevation data was collected. Appendix 6.2-B presents the surveyed 
elevation data for each sampling location and the delineated sub-catchments for each 
associated sampling location. Monthly collected chemical and hydrological parameters 
included the primary nutrient (dissolved nitrate and orthophosphate) and suspended solids 
data, as well as secondary chemical data (conductivity, turbidity, dissolved oxygen, 
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temperature) and hydrological parameters (water depth, flow velocity). Raw data for these 
collected parameters is presented in Appendix 6.2-C.  
 Accuracy of the laboratory analysis of the chemical parameters was assured by 
duplicate collection during each monthly sampling run. Table 6.2.1 displays the data for 
these duplicates. Figure 6.2.1 displays the relationship between the original samples and 
the duplicates for each sampling run. Nitrate as nitrogen duplicates are extremely well 
correlated, with an 𝑅𝑅2 value of0.9963. Orthophosphate as phosphorous are not as well 
correlated, with an 𝑅𝑅2 value 0.8468. Additional duplicate samples were collected for the 
March 2018 sampling run. During this sampling run, select sampling locations for this 
sampling run were taken in duplicate for a holding / degradation study. Figure 6.2.2 
displays the results of the KGS degradation study, in which nitrate as nitrogen duplicates 
were extremely well correlated, with an 𝑅𝑅2 value of.9469, and orthophosphate as 
phosphorous was also well correlated, with an  𝑅𝑅2 value of 0.9875. 
 Water level and discharge velocity was measured for each location during each 
sampling run when possible. Given these measurements, an estimate discharge could then 
be calculated for each sampling location at each sampling run. Figure 6.2.3 compares the 
calculated discharge for location CH-1 to measured discharge at the same location 
provided by a USGS monitoring station at the same location. The calculated discharge 
and measured discharge share an 𝑅𝑅2 value of only 0.3186, indicating that operationally 
calculated discharge at ungagged locations is subject to considerable error. Figure 6.2.4 
compares the velocities measured by both utilized methods, velocity propeller meter and 
physical measurement. Velocity measurements made with the propeller meter were 
subsequently calibrated using the determined velocity relationship. 
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6.2.2 Spatial Data Analysis 
 Spatial data analysis and post-processing included a two-part investigation of the 
grab sampling data results. First, a general examination and analysis of the signal 
composition and associated watershed processes that regulate this signal was completed. 
This analysis included the calculation of individual sampling site and overall watershed 
data statistics (mean, standard deviation, variance, etc.), observation of seasonal and 
yearly trends, site-based dynamics such as upstream-downstream analysis of watershed 
features, investigation of the influence of watershed size on concentration signals, load 
calculations, and land-use correlation. Second, a simple optimization decomposition 
model was applied to determine the estimated concentration input from identified urban 
(also referred to as developed land) and agricultural (also referred to as undeveloped 
land) land-use designations. The results of these analyses are presented herein. 
6.2.2.1 General Signal Composition Analysis 
 Monthly samples were taken at each of the 16 defined sampling locations for 
various water quality parameters, including the primary project data parameters of nitrate 
as nitrogen (𝑁𝑁𝑂𝑂3− − 𝑁𝑁) and orthophosphate as phosphorous (𝑃𝑃𝑂𝑂4− − 𝑃𝑃). All results will 
be presented in concentrations of nitrate as nitrogen (𝑁𝑁𝑂𝑂3− − 𝑁𝑁) and orthophosphate as 
phosphorous (𝑃𝑃𝑂𝑂4− − 𝑃𝑃). Yearly averages of these parameters at each site varied 
between 2.10 - 5.40 mg/L nitrate and 0.216 - 0.359 mg/L orthophosphate (Table 6.2.2). 
Total yearly watershed averaged concentrations were 2.93 mg/L for nitrate and 0.244 
mg/L for orthophosphate. Yearly sample standard deviations for nitrate and 
orthophosphate were 0.996 mg/L and 0.053 mg/L, respectively. Yearly sample variance 
for nitrate and orthophosphate were 0.993 mg/L and 0.003 mg/L, respectively. Minimum 
155 
 
recorded nitrate concentration in the watershed for the full year was 0.558 mg/L 
occurring at location SNK-2-DS, while the maximum concentration recorded was 6.74 
mg/L occurring at location SPR-1. Minimum recorded orthophosphate concentration in 
the watershed for the full year was 0.1 mg/L occurring at location SNK-2-DS, while the 
maximum concentration recorded was 0.469 mg/L occurring at location LVK-1. 
 Highest monthly averages occurred in March of 2018 for nitrate (3.79 mg/L) and 
in October of 2018 for orthophosphate (0.273 mg/L), while lowest average nitrate 
concentrations occurred in August of 2018 (1.51 mg/L) and lowest average 
orthophosphate concentrations occurred in August of 2018 (0.202 mg/L). Highest 
seasonal averages occurred in the winter months of 2018 for both nitrate (3.26 mg/L) and 
orthophosphate (0.246 mg/L), while lowest average nitrate concentrations occurred in the 
summer of 2018 (2.19 mg/L) and lowest average orthophosphate concentrations occurred 
in spring of 2018 (0.238 mg/L) (Table 6.2.5). Seasons were defined as Fall 2017 (October 
2017 – December 2017), Winter 2018 (January 2018 – March 2018), Spring 2018 (April 
2018 – May 2018), and Summer 2018 (July 2018 – September 2018). Highest average 
nitrate concentrations occurred at location SPR-1 in all seasons during the study, while 
lowest averages occurred at location CH-4 for all seasons during the study. Highest 
average orthophosphate concentrations occurred at location LVK-1 for the fall 2017, 
winter 2018, and summer 2018 seasons, as well as for the yearly average concentration; 
location RS yielded the highest average orthophosphate concentrations for the spring 
2018 season. Lowest average orthophosphate concentrations occurred at location SNK-2-
DS for all seasons during the study. To further study the monthly and seasonal trends of 
the collected parameters, concentrations at each sampling location were normalized by 
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the yearly average at each location and resulting data were plotted along with the monthly 
watershed average (Figures 6.2.5-6.2.6). Normalized data yielded the same monthly and 
seasonal trends as observed with non-normalized data. Additionally, seasonal trends 
observed for nitrate in the spatial data were further validated when compared to seasonal 
trends observed in averaged sensor data collected at the watershed outlet (Figure 6.2.7). 
Please note that data for an event sample occurring on February 16, 2018 are included in 
Figures 6.2.5 – 6.2.7, as this was a full sampling day and data at all sites were collected. 
However, as this day was an event day, data for this day was not included in the moving 
average calculation or in any subsequent analyses for the spatial data. 
 Elucidating the influence of potential nutrient “hotspots” and additional watershed 
features on nutrient input and processing within the stream was an identified goal of the 
spatial sampling study. Hotspots identified for the Upper South Elkhorn watershed 
included two spring locations, two livestock locations, two sink or reservoir locations, 
and a single algal bloom location.  
 On average, the two spring locations had a higher concentration of nitrate than the 
remaining sites (𝑁𝑁�𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑛𝑛𝑎𝑎𝑠𝑠 = 4.28 mg/L, 𝑁𝑁�𝑙𝑙𝑡𝑡ℎ𝑎𝑎𝑎𝑎 = 2.73 mg/L). However, SPR-2 had a 
yearly average nitrate concentration of 3.16 mg/L, lower than two non-spring locations, 
while the yearly average of SPR-1 was the highest of any location (5.40 mg/L) and 
yielded the highest nitrate concentrations in all monthly samples. The average 
concentration of orthophosphate from both springs was also higher than the average 
concentration of the remaining watershed locations (𝑃𝑃�𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑛𝑛𝑎𝑎𝑠𝑠 = 0.252 mg/L , 𝑃𝑃�𝑙𝑙𝑡𝑡ℎ𝑎𝑎𝑎𝑎 =0.243 mg/L). However, two locations had higher average orthophosphate concentrations 
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than SPR-1 (0.265 mg/L) and five locations had higher average orthophosphate 
concentrations than SPR-1 (0.239 mg/L).  
 The two livestock locations did not show any significant increases in nitrate input 
into the stream system. In fact, the average nitrate concentration from the downstream 
livestock sites (2.61 mg/L) was lower than the average nitrate concentrations from the 
remaining locations (2.971 mg/L). Conversely, average orthophosphate concentrations 
from the downstream livestock sites (0.289 mg/L) was higher than average 
concentrations from the remaining locations (0.237 mg/L). In fact, orthophosphate 
concentrations from site LVK-1 were the highest yearly average (0.359 mg/L) and were 
the highest monthly average in ten of thirteen total monthly samples. LVK-1 was an 
isolated upstream location, with the stream reach originating within the livestock field. 
Therefore, upstream-downstream analysis was not performed. LVK-2 was a location on 
the mainstem of the stream, and therefore had an upstream-downstream location. 
However, livestock were not observed to be present for the duration of the sampling 
study after having been observed to be present with a marked stream degradation impact 
prior to the study commencing. Samples were collected with the goal of studying the 
nutrient dynamics within a reclaimed livestock reach. However, no clear upstream – 
downstream dynamics were apparent for this site. Nitrate concentrations increased 
downstream in 5 of 13 monthly samples, and decreased in 8 of 13 samples (Figure 6.2.8). 
Nitrate concentrations had an average percent difference of 2.61, with a variance of 5.82. 
Orthophosphate concentrations increased downstream in 9 of 13 monthly samples, and 
decreased in 4 of 13 samples (Figure 6.2.9). Orthophosphate concentrations had an 
average percent difference of 2.94, with a variance of 9.67. 
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 The two sink locations were observed to have differing upstream-downstream 
dynamics. SNK-1, a location consisting of a series of constructed beaver dams located in 
the mainstem of the stream, demonstrated no clear upstream – downstream dynamics. 
Nitrate concentrations increased downstream in 6 of 13 monthly samples, and decreased 
in 7 of 13 samples (Figure 6.2.10). Nitrate concentrations had an average percent 
difference of 3.58, with a variance of 7.99. Orthophosphate concentrations increased 
downstream in 9 of 13 monthly samples, and decreased in 4 of 13 samples (Figure 
6.2.11). Orthophosphate concentrations had an average percent difference of 3.02, with a 
variance of 6.77. The SNK-2 location is an upstream-downstream site isolating a large 
constructed pond in the stream, and is located in an urban tributary of the stream. Both 
nitrate and orthophosphate concentrations decreased markedly from the upstream 
location to the downstream location throughout the year. Nitrate concentrations decreased 
downstream for all monthly samples, with an average yearly loss of 0.834 mg/L (Figure 
6.2.12).  Highest average losses occurred in the summer of 2018 (1.14 mg/L), with lowest 
average losses occurring in winter 2018 (0.606 mg/L). Nitrate concentrations had an 
average percent difference of 34.65, with a variance of 1220. Orthophosphate 
concentrations decreased downstream for all monthly samples, with an average yearly 
loss of 0.083 mg/L (Figure 6.2.13). Highest average losses occurred in the summer of 
2018 (0.114 mg/L), with lowest average losses occurring in winter 2018 (0.616 mg/L). 
Orthophosphate concentrations had an average percent difference of 42.64, with a 
variance of 579. 
 The algal bloom location is an upstream-downstream site isolating a notable algal 
bloom, and is located in an agricultural dominated portion of the main stem of the Upper 
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South Elkhorn creek, directly upstream of location CH-5. No clear upstream – 
downstream dynamics are apparent for this site. Nitrate concentrations increased 
downstream in 4 of 13 monthly samples, and decreased in 9 of 13 samples (Figure 
6.2.14). Nitrate concentrations had an average percent difference of 4.58, with a variance 
of 16.26. Orthophosphate concentrations increased downstream in 3 of 13 monthly 
samples, decreased in 7 of 13 samples, and remained constant in 3 of 13 samples (Figure 
6.2.15). Orthophosphate concentrations had an average percent difference of 1.39, with a 
variance of 1.56. 
 A number of additional analyses were performed to characterize the Upper South 
Elkhorn watershed and its associated nutrient processes and export mechanics. Figures 
and Tables corresponding to these analyses can be found in Appendix 6.2-A. Nutrient 
concentrations were compared to the associated watershed area upstream of each 
respective sampling location. Area of each sub-catchment was determined through the 
use of a delineation program in ArcGIS, watershed areas associated with each sampling 
location are presented in Table 6.2-A.1. Plots of nutrient concentration against this 
calculated watershed area were plotted for each monthly sample as well as for yearly 
averages. Yearly average nitrate concentrations decreased logarithmically with increasing 
watershed size (𝑦𝑦 = −0.35 ln(𝑥𝑥) + 3.715 ,𝑅𝑅2 = 0.5528) (Figure 6.2-A.1). Similar 
logarithmically decreasing concentrations with respect to watershed size were observed 
for each monthly sampling run (Figures 6.2-A.2a-m). Yearly average orthophosphate 
concentrations showed very little correlation with increasing watershed size (𝑦𝑦 =
−0.005 ln(𝑥𝑥) + 0.2538 ,𝑅𝑅2 = 0.0318) (Figure 6.2-A.3). Similar trends for 
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orthophosphate concentrations with respect to watershed size were observed for each 
monthly sampling run (Figures 6.2-A.4a-m).  
 Using hydrologic parameters collected at each site during each sampling run, 
including water depth and flow velocity, and coupling this data with previously collected 
cross-sectional survey data, discharge at each location was calculated for each sampling 
run. Subsequently, nutrient and suspended solids loadings were calculated for each site 
during each sampling run. Discharge and loading calculations for each sampling location 
are presented in Figures 6.2-A.5 - 6.2-A.10, a-m. Loadings for each constituent (nitrate, 
orthophosphate, and suspended solids) increased linearly with increasing discharge at 
each site, with the only exception being suspended solid concentrations at location SPR-
1, which decreased linearly with increasing discharge. Concentrations of each constituent 
exhibited varied behavior with increasing discharge. Suspended solids concentrations 
generally increased linearly with increasing discharge, with the only exception again 
occurring at location SPR-1, which decreased linearly with increasing discharge. Nitrate 
concentrations showed no clear trends among the individual locations, with marginal 
increasing linear relationships with increasing discharge occurring at 4 of 15 locations, 
and with marginal decreasing linear relationships with increasing discharge in the 
remaining 11 locations. Orthophosphate concentrations also showed no clear trends 
among the individual locations, with marginal increasing linear relationships with 
increasing discharge occurring at 11 of 15 locations, and with marginal decreasing linear 
relationships with increasing discharge in the remaining 4 locations. When considering 
the watershed as a whole, however, clear trends were observed between concentrations 
and loadings of each constituent and increasing discharge (Figures 6.2-A.11 – 6.2-A.13). 
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Loadings of each constituent showed clear positive linear correlation with increasing 
discharge, with 𝑅𝑅2 values of 0.938, 0.975, and 0.841 for nitrate, orthophosphate, and 
suspended solids, respectively. Concentrations of suspended solids exhibited a general 
positive linear correlation with increased discharge (𝑅𝑅2 = 0.292), with concentrations of 
nitrate and orthophosphate exhibiting weak negative linear correlations with increasing 
discharge (𝑅𝑅2 = 0.063 , 0.005, respectively). However, it was observed that 
concentrations of both nitrate and orthophosphate approach a near constant value at 
increasing discharges (Figures 6.2.27, 6.2.28), with nitrate concentrations approaching 
2.00 mg/L and orthophosphate concentrations approaching 0.225 mg/L. Measured 
hydrologic parameters and constituent concentrations, as well as calculated loadings from 
each site were then normalized by upstream watershed area at each respective sampling 
site. Average discharge per square kilometer for the entire watershed over the full year 
was 0.065 cubic meters per second. Maximum nitrate concentrations per square kilometer 
occurred at location SNK-2-US for the entire year (1.67 mg/L), while minimum nitrate 
concentrations per square kilometer occurred at location CH-1 for the entire year (0.036 
mg/L). Average nitrate concentrations per square kilometer for the entire watershed over 
the full year were 0.424 mg/L. Maximum orthophosphate concentrations per square 
kilometer occurred at location LVK-1 for the entire year (0.146 mg/L), while minimum 
orthophosphate concentrations per square kilometer occurred at location CH-1 for the 
entire year (0.004 mg/L). Average orthophosphate concentrations per square kilometer 
for the entire watershed over the full year were 0.037 mg/L.  Maximum suspended solids 
concentrations per square kilometer occurred at location LVK-1 for the entire year (19.2 
mg/L), while minimum suspended solids concentrations per square kilometer occurred at 
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location CH-1 for the entire year (0.067 mg/L). Average suspended solids concentrations 
per square kilometer for the entire watershed over the full year were 3.31 mg/L. 
Maximum nitrate load per square kilometer occurred at location SNK-2-US for the entire 
year (152 lb/d), while minimum nitrate concentrations per square kilometer occurred at 
location CH-1 for the entire year (6.76 lb/d). Average nitrate load per square kilometer 
for the entire watershed over the full year was 34.1 lb/d. Maximum orthophosphate load 
per square kilometer occurred at location SNK-2-US for the entire year (10.8 lb/d), while 
minimum orthophosphate concentrations per square kilometer occurred at location CH-1 
for the entire year (0.703 lb/d). Average orthophosphate concentrations per square 
kilometer for the entire watershed over the full year were 3.03 lb/d.  Maximum suspended 
solids load per square kilometer occurred at location SNK-1-US for the entire year 
(1.15 × 103 lb/d), while minimum suspended solids load per square kilometer occurred 
at location CH-1 for the entire year (15.1 lb/d). Average suspended solids concentrations 
per square kilometer for the entire watershed over the full year were 711 lb/d. 
 Using a GIS tool, sub-watersheds were delineated for the upstream drainage area 
for each sampling location (Appendix 6.2-B) excluding the spring locations (SPR-1, 
SPR-2) whose upstream drainage is difficult to define and whose nutrient signals are 
potentially affected by subsurface dynamics. Land use - land cover data was imported 
and calculated for each created sub-watershed. Land use fractions for each sampling 
location were determined (Table 6.2-A.2) and Pearson correlation coefficients were 
calculated for each location between designated land usage and nutrient concentration 
signal. Coefficients were determined for each represented land use type in the Upper 
South Elkhorn and Royal Springs watersheds, and developed (urban) and undeveloped 
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(agricultural) average coefficients were also calculated with all land use categories 
designated “Developed” being considered as urban, and all other land use categories 
being considered agricultural (Table 6.2-A.3). Nitrate was most positively correlated with 
mixed forest land use (0.731), followed by cultivated crops (0.698), and shrub/scrub 
(0.610). Nitrate was most negatively correlated with developed (high intensity) (-0.861), 
followed by developed (open space) (-0.698), and developed (low intensity) (-0.642). 
Orthophosphate was most positively correlated with cultivated crops (0.283), followed by 
hay/pasture (0.251), and herbaceous (0.150). Orthophosphate was most negatively 
correlated with mixed forest (-0.587), followed by developed (medium intensity) (-
0.273), and developed (low intensity) (-0.251). Developed land yielded an average 
correlation coefficient of -0.584 for nitrate, and -0.140 for orthophosphate. Undeveloped 
land yielded an average correlation coefficient of 0.445 for nitrate, and 0.018 for 
orthophosphate. Regression based correlation was also examined by creating plots of 
averaged nitrate and orthophosphate concentrations at each site and plotting against each 
land use fraction (Figures 6.2-A.14 – 6.2-A.15, a-l). Nitrate concentrations displayed a 
positive linear correlation for all “undeveloped” land-use designations, with an average 
𝑅𝑅2 value of 0.201. Nitrate concentrations displayed a negative linear correlation for all 
“developed” land-use designations, with an average 𝑅𝑅2 value of 0.350. Orthophosphate 
concentrations displayed a more varied relationship with land use fractions. 
Orthophosphate concentration displayed a negative linear correlation with 3 of 8 
“undeveloped” land use types (Deciduous Forest, Mixed Forest, Shrub/Scrub) with an 
average 𝑅𝑅2 of 0.125, and a positive linear correlation with the remaining undeveloped 
land use types with an average 𝑅𝑅2 of 0.033. Orthophosphate concentration displayed a 
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positive linear correlation with 1 of 4 “developed” land use types (Developed High 
Intensity) with an 𝑅𝑅2 of 0.010, and a negative linear correlation with the remaining 
developed land use types with an average 𝑅𝑅2 of 0.037. Overall regression based 
correlation between averaged nutrient concentrations and developed land use percentage 
were also determined (Figures 6.2.16, 6.2.17). Nitrate concentrations displayed an overall 
negative linear correlation with increasing developed percentage (𝑦𝑦 = −0.010𝑥𝑥 +3.19 ,𝑅𝑅2 = 0.354), while orthophosphate also displayed an overall negative linear 
correlation with increasing developed percentage (𝑦𝑦 = −0.0003𝑥𝑥 + 0.262 ,𝑅𝑅2 =0.027). 
6.2.2.2 Spatial Signal Source Decomposition 
 Finally, the spatial nutrient data collected for this project was used to perform a 
spatial signal source decomposition to determine the relative downstream nutrient 
concentrations contributed from areas dominated by either agricultural or urban land-
uses. The spatial decomposition was determined by the following simple optimization 
model for both nitrate and orthophosphate at each location for each monthly sample 
𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥, 𝑡𝑡) = 𝑋𝑋𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥)𝐶𝐶𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡) + 𝑋𝑋𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑥𝑥)𝐶𝐶𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑡𝑡) + 𝑒𝑒(𝑥𝑥, 𝑡𝑡) 
where 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠(𝑥𝑥, 𝑡𝑡) is the collected data at each sampling location, 𝑋𝑋𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥) is the 
agricultural, or undeveloped, land-use fraction for the respective sub-catchment, 
𝑋𝑋𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑥𝑥) is the urban, or developed, land-use fraction for the respective sub-catchment, 
𝑒𝑒(𝑥𝑥, 𝑡𝑡) is the error term included for the optimization process, and 𝐶𝐶𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡) and 
𝐶𝐶𝑎𝑎𝑎𝑎𝑢𝑢𝑠𝑠𝑛𝑛(𝑡𝑡) are the nutrient concentrations contributed by agricultural (undeveloped) and 
urban (developed) land, respectively. Tables 6.2.5, 6.2.6 and Figures 6.2.18, 6.2.19 
present the results of this decomposition when applied to each sampling location. Data 
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for the February 16, 2018 event sample have been removed for this analysis. Average 
nitrate concentration input for agricultural land uses for all sites was 3.18 mg/L, while 
average nitrate concentration input for urban land uses for all sites was 2.24 mg/L.  
Average orthophosphate concentration input for agricultural land uses for all sites was 
0.274 mg/L, while average orthophosphate concentration input for urban land uses for all 
sites was 0.201 mg/L. Modelled nitrate contribution from agricultural lands were higher 
than those for urban lands in all months except for March and April 2018. Maximum 
nitrate concentrations from agricultural lands occurred in fall and winter months, while 
minimum concentrations from agricultural lands occurred in late summer months. 
Maximum nitrate concentrations from urban lands occurred in spring months, while 
minimum concentrations from urban lands occurred in late summer months. Modelled 
orthophosphate contribution from agricultural lands were higher than those for urban 
lands in all month. Maximum orthophosphate concentrations from agricultural lands 
occurred in late winter and fall months, while minimum concentrations from agricultural 
lands occurred in early winter and late summer months. Maximum orthophosphate 
concentrations from urban lands occurred in fall months, while minimum concentrations 
from urban lands occurred in late winter and late summer months.  
 A similar decomposition was performed for both nutrients with a reduced number 
of upstream locations to isolate the hillslope inputs of nutrients. Redundant sites, such as 
upstream-downstream locations were removed as this redundancy could potentially skew 
the decomposition results. Additionally, sites on the mainstem of the stream were 
removed to eliminate the impact of nutrient uptake or assimilation by bed sediments or 
plant growth in the stream, which can occur at higher residence times. Results from this 
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decomposition are shown in Tables 6.2.7, 6.2.8 and Figures 6.2.20, 6.2.21. Results from 
this reduced decomposition were similar to the results from the decomposition of the full 
watershed. Average nitrate concentration input for agricultural land uses for these sites 
was 3.13 mg/L, while average nitrate concentration input for urban land uses for these 
sites was 2.47 mg/L.  Average orthophosphate concentration input for agricultural land 
uses for all sites was 0.316 mg/L, while average orthophosphate concentration input for 
urban land uses for all sites was 0.225 mg/L. Modelled nitrate contribution from 
agricultural lands were higher than those for urban lands in all months except for March 
and April 2018. Maximum nitrate concentrations from agricultural lands occurred in fall 
and winter months, while minimum concentrations from agricultural lands occurred in 
late summer months. Maximum nitrate concentrations from urban lands occurred in 
spring months, while minimum concentrations from urban lands occurred in late summer 
months. Modelled orthophosphate contribution from agricultural lands were higher than 
those for urban lands in all month. Maximum orthophosphate concentrations from 
agricultural lands occurred in late winter and fall months, while minimum concentrations 
from agricultural lands occurred in early winter and late summer months. Maximum 
orthophosphate concentrations from urban lands occurred in fall months, while minimum 
concentrations from urban lands occurred in late winter and late summer months. The 
monthly average nutrient concentration entering the stream system was estimated 
assuming the developed fraction of the entire watershed to be 0.482, taken from a GIS 
analysis of the watershed.  
 Using the mainstem sites excluded from this portion of the decomposition, the 
yearly averaged downstream nutrient concentration trends were plotted against 
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downstream mainstem distance (Figures 6.2.22, 6.2.23). Average nitrate concentrations 
entering the stream were 2.81 mg/L while average nitrate concentrations at the watershed 
outlet, 10,000 meters downstream, were 2.37 mg/L, and average loss was 0.434 mg/L or 
15.65% of nitrate concentrations entering the stream.  Average orthophosphate 
concentrations entering the stream were 0.272 mg/L while average orthophosphate 
concentrations at the watershed outlet, 10,000 meters downstream, were 0.248 mg/L, and 
average loss was 0.024 mg/L.  Monthly downstream nitrate and orthophosphate plots and 
associated data tables can be found in Appendix 6.2-A. Modelled nitrate concentrations 
entering the stream decreased with downstream transport in 11 of 13 months, while 
modelled orthophosphate concentrations entering the stream decreased with downstream 
transport in 10 of 13 months (Tables 6.2.9, 6.2.10). Figure 6.2.24 displays the 
downstream nitrate removal rates by month for the full year of sampling. Maximum 
nitrate losses appear to occur in the late summer, while minimum losses and even net 
nitrate gains occur in the fall of 2018. A secondary nitrate loss cycle appears to occur, 
with a secondary maximum nitrate loss occurring in late fall to early winter 2017 and a 
secondary minimum nitrate loss occurring in early spring 2018. A net nitrate increase was 
observed for the monthly sampling run on October, 2018. This is the only month in which 
a net increase occurs. Examination of the monthly plot (Appendix 6.2-A) shows that a 
large increase occurred between the two mainstem locations, downstream of the upland 
input location and upstream of the watershed outlet. However, expected losses did occur 
during this month between the additional locations, including a loss from the CH-2 
location near the Bluegrass Airport to the watershed outlet of nearly 10% over a course of 
approximately 4 kilometers. With expected nitrate concentration losses occurring in two 
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of the three reported stream reaches for this month, this result indicates that the net 
increase could be due to a one-time, point source input in the respective stream reach. 
Figure 6.2.25 displays the downstream orthophosphate removal rates by month for the 
full year of sampling. Maximum orthophosphate losses occur during late fall to early 
winter, with minimum orthophosphate losses and even downstream orthophosphate gains 
occurring in late summer to early fall. 
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Chapter 6 Tables and Figures 
 
Table 6.1.1: Historic Discharge Comparison 
 
 
Table 6.1.2: Historic Precipitation Comparison 
 
 
Water Year (Oct.-Sep.) Mean Daily Discharge (cms)
2008 1.42
2009 1.26
2010 1.08
2011 1.25
2012 1.09
2013 1.42
2014 1.33
2015 1.25
2016 0.973
2017 0.877
2018 1.74
Average 1.24
Discharge Comparison
Water Year (Oct.-Sep.)
Inches Millimeters
2008 54.7 1388
2009 54.6 1388
2010 43.0 1091
2011 60.8 1544
2012 50.3 1278
2013 56.1 1425
2014 61.1 1551
2015 60.1 1527
2016 51.5 1307
2017 47.4 1203
2018 66.4 1686
Average 55.1 1399
Precipitation Comparison
Yearly Precipitation
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Figure 6.1.1: Upper South Elkhorn Discrete vs. Sensor Nitrate Comparison 
 
 
Figure 6.1.2: Royal Spring Discrete vs. Sensor Nitrate Comparison 
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Figure 6.1.3: Conductivity Sensor Comparison 
 
 
Figure 6.1.4: Dissolved Oxygen Sensor Comparison 
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Figure 6.1.5: pH Sensor Comparison 
 
Table 6.1.3: Upper South Elkhorn Yearly Statistics 
 
 
 
Parameter Discharge (cms) Nitrate (mg/L) Turbidity (ntu) Conductivity (uS.cm) DO (mg/L) pH Temperature (°C)
Mean 1.58 2.28 20.5 418 9.21 8.09 14.1
Std. Dev. 2.78 0.654 30.3 113 2.69 0.209 6.41
Variance 7.75 0.428 920 12714 7.24 0.044 41.1
Minimum 0.035 0.475 0.00 124 2.67 7.32 0.00
Maximum 51.5 3.62 787 792 17.0 8.67 25.6
Upper South Elkhorn 2018 Water Year Statistics
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Table 6.1.4: Upper South Elkhorn Seasonal Statistics 
 
 
 
Figure 6.1.6: Upper South Elkhorn Nitrate 
 
 
 
 
 
 
Parameter Discharge (cms) Nitrate (mg/L) Turbidity (ntu) Conductivity (uS.cm) DO (mg/L) pH Temperature (°C)
Mean 0.655 1.54 9.12 549 6.24 7.93 20.0
Std. Dev. 1.01 0.465 15.2 129 1.71 0.146 2.26
Variance 1.01 0.217 230 16556 2.93 0.021 5.1
Minimum 0.035 0.475 4.30 139 2.67 7.32 14.8
Maximum 7.42 2.67 177 775 9.60 8.19 25.3
Mean 0.465 2.14 3.07 319 11.6 8.14 6.5
Std. Dev. 0.50 0.291 5.28 39.1 2.04 0.151 2.66
Variance 0.25 0.085 27.9 1525 4.16 0.023 7.1
Minimum 0.076 0.905 0.100 186 7.98 7.61 0.66
Maximum 5.75 2.61 82.7 488 16.7 8.39 12.9
Mean 2.786 2.93 23.7 400 10.9 8.07 8.6
Std. Dev. 4.01 0.430 25.5 87.6 1.65 0.211 3.25
Variance 16.11 0.185 649 7678 2.71 0.045 10.6
Minimum 0.456 1.28 0.00 138 8.44 7.35 0.00
Maximum 51.54 3.62 551 792 17.0 8.55 15.7
Mean 1.614 2.26 28.3 397 8.67 8.18 18.0
Std. Dev. 2.46 0.486 37.6 68.8 2.17 0.197 4.18
Variance 6.05 0.236 1412 4734 4.72 0.039 17.5
Minimum 0.066 0.481 8.10 124 4.77 7.62 7.09
Maximum 46.72 3.01 787 561 16.6 8.67 25.6
Mean 1.58 2.28 20.5 418 9.21 8.09 14.1
Std. Dev. 2.78 0.654 30.3 113 2.69 0.209 6.41
Variance 7.75 0.428 920 12714 7.24 0.044 41.1
Minimum 0.035 0.475 0.00 124 2.67 7.32 0.00
Maximum 51.5 3.62 787 792 17.0 8.67 25.6
Upper South Elkhorn 2018 Water Year Statistics
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Table 6.1.5: Upper South Elkhorn Nitrate Loading* 
 
*Calculated in metric tons (MT) for days with available sensor data and extrapolated for all days of the 
year 
 
Table 6.1.6: Upper South Elkhorn Daily Nitrate Loss* 
 
*Calculated from sensor data for days exhibiting clear nitrate daily cycling 
 
 
Figure 6.1.7: Upper South Elkhorn Nitrate vs. Discharge 
 
Average (MT/d) Total 
Summer 2017 0.087 7.95
Fall 2017 0.084 7.66
Winter 2018 0.680 62.1
Spring 2018 0.295 26.9
Year 0.334 122
Upper South Elkhorn Nitrate Loading
Average (mg/L-d) % Daily Average NO3-N
Summer 2017 0.033 2.07
Fall 2017 0.049 2.30
Winter 2018 0.040 1.45
Spring 2018 0.046 1.95
Year 0.043 1.91
Upper South Elkhorn Daily Nitrate Loss
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Figure 6.1.8: Upper South Elkhorn Turbidity vs. Discharge 
 
 
Figure 6.1.9: Upper South Elkhorn Conductivity vs. Discharge 
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Figure 6.1.10: Upper South Elkhorn Dissolved Oxygen vs. Discharge 
 
 
 
Figure 6.1.11: Upper South Elkhorn pH vs. Discharge 
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Figure 6.1.12: Upper South Elkhorn Temperature vs. Discharge 
 
Table 6.1.7: Upper South Elkhorn Watershed Flow Regimes 
 
 
< 0.25 3680 0 - 0.25 3680
< 0.50 6800 0.25 - 0.5 3120
< 0.75 10508 0.5 - 0.75 3708
< 1.00 13504 0.75 - 1.00 2996
< 1.50 16593 1.00 - 1.50 3089
< 2.00 18399 1.50 - 2.00 1806
< 5.00 22306 2.00 - 5.00 3907
< 10.0 23335 5.00 - 10.0 1029
< 20.0 23487 10.0 - 20.0 152
< 30.0 23519 20.0 - 30.0 32
< 40.0 23553 30.0 - 40.0 34
< 50.0 23580 40.0 - 50.0 27
Cumulative Flow 
Regime (cms)
Binned Flow 
Regime (cms)n n
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Figure 6.1.13: Upper South Elkhorn Nitrate Concentration by Flow Regime 
 
 
Figure 6.1.14: Upper South Elkhorn Turbidity by Flow Regime 
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Figure 6.1.15: Upper South Elkhorn Conductivity by Flow Regime 
 
 
Figure 6.1.16: Upper South Elkhorn Dissolved Oxygen by Flow Regime 
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Figure 6.1.17: Upper South Elkhorn pH by Flow Regime 
 
 
Figure 6.1.18: Upper South Elkhorn Temperature by Flow Regime 
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Table 6.1.8: Upper South Elkhorn Constituent Means, Standard Errors by Flow Regime 
 
 
 
Figure 6.1.19: Idealized Nitrate Concentration Event Response 
Flow Regime (cms)
Mean Std. Error Mean Std. Error Mean Std. Error Mean Std. Error Mean Std. Error Mean Std. Error
0 - 0.25 1.72 0.371 15.2 8.36 473 141 8.76 3.38 5.60 5.60 8.13 0.174
0.25 - 0.5 2.00 0.447 15.3 7.94 478 133 8.85 2.88 7.91 7.49 8.13 0.183
0.5 - 0.75 2.23 0.469 15.1 6.54 428 88.7 9.02 2.74 9.46 7.03 8.16 0.187
0.75 - 1.00 2.43 0.525 13.2 6.13 432 107 9.66 2.96 14.1 10.9 8.18 0.199
1.00 - 1.50 2.43 0.584 13.4 5.46 398 91.3 9.59 2.57 23.3 13.5 8.13 0.188
1.50 - 2.00 2.48 0.666 13.9 5.11 378 68.0 9.49 2.33 24.8 14.8 8.07 0.190
2.00 - 5.00 2.70 0.755 13.2 4.09 367 62.0 9.37 1.79 40.9 29.2 7.97 0.168
5.00 - 10.0 2.56 0.823 12.7 4.03 328 53.9 9.05 1.75 95.5 70.4 7.80 0.190
10.0 - 20.0 2.27 0.777 13.2 3.86 275 58.6 9.12 0.906 213 152 7.78 0.119
20.0 - 30.0 1.81 0.702 13.1 1.87 216 46.9 8.97 0.572 276 175 7.67 0.063
30.0 - 40.0 1.57 0.546 12.5 2.11 177 32.5 9.06 0.654 141 54.2 7.67 0.061
40.0 - 50.0 1.24 0.380 11.7 2.63 158 24.1 9.26 0.772 113 18.5 7.63 0.010
pHNitrate (mg/L) Temperature (°C) Conductivity (uS/cm) DO (mg/L) Turbidity (ntu) 
Upper South Elkhorn Constituent by Flow Regime
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Figure 6.1.20: Maximum Event Nitrate Concentration vs. Runoff Volume 
 
 
Figure 6.1.21: Event Response Time-Lag vs. Runoff Volume 
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Figure 6.1.22: Event Response Time-Lag vs. Event Flush Volume 
 
 
Figure 6.1.23: Event Response Time-Lag vs. Event Duration 
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Figure 6.1.24: Event Response Time-Lag vs. Minimum Event Nitrate Concentration 
 
 
Figure 6.1.25: Peak Nitrate Lag vs. Time Since Previous Event 
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Figure 6.1.26: Minimum Event Nitrate Concentration vs. Maximum Event Nitrate 
Concentration 
 
 
Figure 6.1.27: Maximum Event Nitrate Concentration vs. Maximum Event Discharge 
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Figure 6.1.28: Event Flush Volume vs. Total Event Volume 
 
Table 6.1.9: Upper South Elkhorn Events for Decomposition Analysis  
 
 
 
 
 
 
 
 
 
 
 
 
Event Date Maximum Discharge (cms) Nitrate Conductivity pH Turbidity
9-Mar-18 75 Yes Yes Yes Yes
5-Sep-17 140 Yes Yes Yes No
28-Aug-17 140 Yes Yes Yes No
5-Dec-17 180 Yes Yes Yes Yes
19-Sep-17 200 Yes Yes Yes Yes
18-Nov-17 200 Yes Yes Yes Yes
6-Aug-17 250 Yes Yes Yes No
3-Apr-18 315 Yes Yes Yes Yes
31-May-18 500 Yes Yes Yes Yes
5-May-18 1700 Yes Yes Yes Yes
22-Feb-18 1850 Yes Yes No No
Parameters
Upper South Elkhorn Events for Decomposition
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Figure 6.1.29a-k: Upper South Elkhorn Event Nitrate Hysteresis 
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Figure 6.1.30a-k: Upper South Elkhorn Event Conductivity Hysteresis 
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Figure 6.1.31a-j: Upper South Elkhorn Event pH Hysteresis 
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Figure 6.1.32a-g: Upper South Elkhorn Event Turbidity Hysteresis 
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Table 6.1.10: Upper South Elkhorn Event Hysteresis Averaged Results 
 
 
Table 6.1.11: Upper South Elkhorn Event Hysteresis Results 
 
 
Descriptor Metric Nitrate Averages Conductivity Averages pH Averages Turbidity Averages
NA NA NA NA
0.798 0.844 0.696 0.746
0.390 0.474 0.428 0.342
0.036 0.008 0.038 0.050
Result Single-Loop Single-Loop Single-Loop Single-Loop
0.415 0.477 0.462 -0.480
Result Clockwise Clockwise Clockwise Counter-Clockwise
-0.322 -0.274 -0.456 0.276
Result Diluting Diluting Diluting Accreting
1.11 1.11 1.16 2.27
1.72 1.97 1.44 0.874
-0.236 -0.103 -0.410 0.121
-0.374 -0.439 -0.458 0.471
0.498 0.827 0.657 -0.331
-1.36 -1.88 -1.66 0.959
Result Convex Convex Concave-Up -
0.405 0.476 0.431 0.357
Result Strong Strong Strong Weak
0.129 0.111 0.057 0.014
Result Open Open Closed Closed
0.589 0.627 0.460 0.749
Result Lagged Lagged Lagged Lagged
Area
Closure
Time-Lag
Curvature
Shape
Direction
Trend
∆𝐶𝐶𝐿𝐿
𝐴𝐴
𝐴𝐴2
∆𝐶𝐶𝑇𝑇
𝐻𝐻𝐼𝐼
𝐹𝐹𝐼𝐼
∆𝑇𝑇𝑄𝑄
∆𝑇𝑇𝐶𝐶
𝑆𝑆1,1
𝑆𝑆2,1
𝐴𝐴
∆𝐶𝐶𝐸𝐸
𝑇𝑇𝐿𝐿𝑠𝑠𝑎𝑎
𝑆𝑆1,2
𝑆𝑆2,2
Descriptor Result Nitrate Hysteresis Conductivity Hysteresis pH Hysteresis Turbidity Hysteresis
Single-Loop 6 9 6 5
Figure-8 2 0 0 1
Double-Loop 0 2 3 0
Single Line 2 0 1 1
Clockwise 8 10 9 0
Counter-Clockwise 1 0 0 5
Accreting 2 1 0 7
Diluting 8 8 10 0
No Curvature 3 0 0 2
Convex 6 8 2 2
Concave-Up 0 2 8 1
Concave-Down 1 0 0 2
Strong 6 6 7 4
Weak 2 5 2 3
Open 5 3 0 0
Closed 7 8 10 7
Lagged 7 8 6 5
Not-Lagged 3 3 4 2
Shape
Direction
Trend
Curvature
Area
Closure
Time-Lag
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Figure 6.1.33: Upper South Elkhorn Nitrate Hysteresis by Flow Regime 
 
 
Figure 6.1.34: Typical Nitrate Response for Small to Moderate Events 
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Figure 6.1.35: Typical Nitrate Response for Large Events 
 
Table 6.1.12: Event Decomposition General Results 
 
 
Event Date
Peak 
Discharge 
(cms)
Polynomial 
Order
Peak QBF     
(cms)
Peak QIF  
(cms)
Peak QRO      
(cms)
Peak QPF   
(cms) NBF  Trend NIF  Trend NRO  Trend NPF  Trend NSE
9-Mar-18 1.99 6th 1.12 0.555 0.428 1.13 Diluting Accreting Accreting Diluting 0.975 0.973
5-Sep-17 3.81 4th 0.616 1.28 1.95 3.39 Diluting Accreting Accreting Diluting 0.900 0.888
28-Aug-17 3.91 4th 0.526 1.07 3.26 2.21 Accreting Diluting Diluting Stable 0.963 0.935
5-Dec-17 4.98 4th 0.631 0.728 2.75 4.95 Accreting Diluting Diluting Accreting 0.990 0.976
18-Nov-17 5.75 6th 1.14 1.35 2.01 4.88 Accreting Diluting Diluting Accreting - 
Diluting
0.986 0.968
19-Sep-17 5.77 5th 0.611 1.24 5.64 2.96 Accreting Diluting Diluting Accreting - 
Diluting
0.787 0.679
6-Aug-17 7.41 6th 0.768 0.986 6.95 7.36 Accreting Accreting Diluting Accreting - 
Diluting
0.988 0.985
3-Apr-18 8.81 4th 3.87 3.41 1.95 6.12 Stable Accreting - 
Diluting
Diluting Diluting 0.895 0.892
31-May-18 14.7 4th 5.23 5.59 10.1 10.9 Accreting Accreting - Diluting Diluting Accreting 0.952 0.859
Averages 6.35 4th -5th 1.61 1.80 3.89 4.88 - - - - 0.937 0.906
Event Date
Peak 
Discharge 
(cms)
Polynomial 
Order
Peak QRO      
(cms)
Peak QPF   
(cms) NRO  Trend NPF  Trend NSE
5-May-18 46.7 3rd 41.6 0.631 Diluting Accreting 0.969 0.966
22-Feb-18 51.5 3rd 41.4 3.76 Diluting Accreting - Diluting 0.985 0.985
Averages 49.1 3rd 41.50 2.20 - - 0.977 0.97612.7 -
Peak QBF  (cms)
6.88
18.6
NBF  Trend
Accreting - Diluting
Accreting
𝑅𝑅2
𝑅𝑅2
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Figure 6.1.36a-h: Event 3-9-18 Decomposition Results 
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Figure 6.1.37a-h: Event 9-5-17 Decomposition Results 
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Figure 6.1.38a-h: Event 8-28-17 Decomposition Results 
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Figure 6.1.39a-h: Event 12-5-17 Decomposition Results 
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Figure 6.1.40a-h: Event 11-18-17 Decomposition Results 
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Figure 6.1.41a-h: Event 9-19-17 Decomposition Results 
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Figure 6.1.42a-h: Event 8-6-17 Decomposition Results 
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Figure 6.1.43a-h: Event 4-3-18 Decomposition Results 
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Figure 6.1.44a-h: Event 5-31-18 Decomposition Results 
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Figure 6.1.45a-g: Event 5-5-18 Decomposition Results 
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Figure 6.1.46a-g: Event 2-22-18 Decomposition Results 
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Table 6.2.1: Nutrient Duplicate Data 
 
 
 
Figure 6.2.1: Nutrient Duplicate Correlation 
 
 Table 6.2.2: March 2018 KGS Degradation Study Data 
 
 
Date/Time Location Sample NO3-N (mg/L) Duplicate NO3-N (mg/L) Sample PO4-P (mg/L) Duplicate PO4-P (mg/L)
10/30/2017 11:15 CH-4 2.42 2.44 0.242 0.233
11/27/2017 13:25 CH-3 2.64 2.62 0.316 0.307
12/18/2017 12:15 CH-2 2.33 2.31 0.186 0.183
1/22/2018 14:30 CH-1 2.58 2.58 0.613 0.413
2/16/2018 15:00 RS 4.00 3.98 0.303 0.302
3/5/2018 10:45 LVK-1 3.58 3.62 0.412 0.419
4/6/2018 10:15 LVK-2-DS 2.98 3.03 0.207 0.211
5/4/2018 10:10 LVK-2-US 2.22 2.21 0.231 0.225
5/23/2018 11:00 SNK-1-DS 3.28 3.19 0.223 0.220
7/2/2018 9:50 SNK-1-US 3.53 3.57 0.245 0.242
8/1/2018 11:20 SNK-2-US 1.45 1.50 0.190 0.190
9/4/2018 9:55 SNK-1-DS 2.28 2.26 0.260 0.260
10/2/2018 9:05 SNK-2-US 2.64 2.60 0.230 0.230
Duplicates
Date/Time 3/5/2018 11:45 3/5/2018 11:20 3/5/2018 11:10 3/5/2018 9:25 3/5/2018 7:50
Location CH-1 CH-2 CH-3 CH-4 CH-5
NO3-N (mg/L) 3.41 3.62 3.35 3.35 3.75
PO4-P (mg/L) 0.262 0.246 0.331 0.231 0.246
NO3-N (mg/L) 3.35 3.48 3.35 3.35 3.64
PO4-P (mg/L) 0.267 0.235 0.341 0.229 0.242
DUPLICATE
ORIGINAL
3-5 Duplicates and Comparison: Kentucky Geological Survey
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Figure 6.2.2: KGS Nutrient Degradation Study 
 
 
Figure 6.2.3: Discharge Calculation Comparison 
214 
 
 
 
Figure 6.2.4: Velocity Method Comparison 
 
Table 6.2.3: Yearly Concentration Averages 
 
 
Location Nitrate-N Phosphate-P
RS 2.97 0.263
CH-1 2.36 0.250
CH-2 2.46 0.231
CH-3 2.27 0.298
CH-4 2.10 0.216
CH-5 3.22 0.238
LVK-1 2.86 0.359
LVK-2-US 2.38 0.216
LVK-2-DS 2.35 0.218
SNK-1-US 3.06 0.228
SNK-1-DS 3.03 0.228
SNK-2-US 3.43 0.248
SNK-2-DS 2.60 0.165
SPR-1 5.40 0.265
SPR-2 3.16 0.239
AG-1 3.15 0.238
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Table 6.2.4: Seasonal Concentration Averages 
 
 
 
Figure 6.2.5: Nitrate Concentration Moving Average 
 
Location Nitrate-N Phosphate-P Nitrate-N Phosphate-P Nitrate-N Phosphate-P Nitrate-N Phosphate-P
RS 3.01 0.261 3.78 0.263 2.96 0.216 1.96 0.304
CH-1 2.46 0.239 2.75 0.243 2.51 0.248 1.51 0.252
CH-2 2.60 0.224 2.87 0.223 2.63 0.230 1.49 0.235
CH-3 2.53 0.321 2.70 0.303 2.47 0.298 1.62 0.277
CH-4 2.23 0.225 2.37 0.200 2.41 0.213 1.38 0.218
CH-5 3.64 0.219 3.42 0.251 3.00 0.224 2.67 0.249
LVK-1 3.23 0.356 2.89 0.409 3.10 0.379 2.21 0.265
LVK-2-US 2.62 0.213 2.80 0.206 2.59 0.219 1.61 0.213
LVK-2-DS 2.53 0.214 2.82 0.208 2.60 0.216 1.57 0.214
SNK-1-US 3.35 0.208 3.36 0.233 2.99 0.221 2.48 0.238
SNK-1-DS 3.33 0.216 3.39 0.228 3.01 0.226 2.42 0.230
SNK-2-US 3.97 0.249 3.56 0.242 3.91 0.266 2.56 0.239
SNK-2-DS 3.10 0.164 2.95 0.181 2.97 0.172 1.43 0.125
SPR-1 5.97 0.291 5.67 0.253 5.16 0.240 4.77 0.277
SPR-2 3.27 0.238 3.42 0.244 2.99 0.216 2.80 0.257
AG-1 3.43 0.222 3.37 0.249 3.13 0.224 2.51 0.248
Spring 2018 Summer 2018Winter 2018Fall 2017
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Figure 6.2.6: Orthophosphate Concentration Moving Average 
 
 
Figure 6.2.7: Nitrate Concentration Moving Average with Sensor Data 
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Figure 6.2.8: LVK-2 Upstream-Downstream Nitrate Comparison 
 
 
Figure 6.2.9: LVK-2 Upstream-Downstream Orthophosphate Comparison 
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Figure 6.2.10: SNK-1 Upstream-Downstream Nitrate Comparison 
 
 
Figure 6.2.11: SNK-1 Upstream-Downstream Orthophosphate Comparison 
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Figure 6.2.12: SNK-2 Upstream-Downstream Nitrate Comparison 
 
 
Figure 6.2.13: SNK-2 Upstream-Downstream Orthophosphate Comparison 
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Figure 6.2.14: AG-1 Upstream-Downstream Nitrate Comparison 
 
 
Figure 6.2.15: AG-1 Upstream-Downstream Orthophosphate Comparison  
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Figure 6.2.16: Yearly Nitrate Land Use Regression 
 
 
Figure 6.2.17: Yearly Orthophosphate Land Use Regression 
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Table 6.2.5: Location Land Use Fractions 
 
 
Table 6.2.6: Total Monthly Spatial Nutrient Decomposition 
 
 
SITE Area (km2) X_ag X_urb
CH-5 9.19 0.907 0.093
AG-1 9.14 0.907 0.093
LVK-1 2.47 0.850 0.150
SNK-1-US 12.1 0.790 0.210
SNK-1-DS 13.6 0.735 0.265
RS 60.6 0.573 0.427
CH-3 11.7 0.520 0.480
CH-1 65.1 0.516 0.484
CH-2 43.3 0.487 0.513
LVK-2-DS 35.8 0.395 0.605
LVK-2-US 35.4 0.389 0.611
SNK-2-US 2.06 0.304 0.696
SNK-2-DS 2.65 0.245 0.755
CH-4 17.6 0.150 0.850
MONTH N_ag N_urb E_N P_ag P_urb E_P
10/30/2017 3.38 2.69 5.42 0.281 0.236 0.465
11/27/2017 3.60 2.40 4.16 0.263 0.213 0.465
12/18/2017 3.40 2.20 4.78 0.242 0.176 0.570
1/22/2018 3.62 2.62 4.98 0.259 0.159 0.450
3/5/2018 3.66 3.67 2.71 0.292 0.222 0.474
4/6/2018 3.08 3.11 2.92 0.268 0.216 0.553
5/4/2018 2.85 2.08 3.38 0.273 0.179 0.577
5/23/2018 3.16 2.86 5.33 0.266 0.214 0.501
7/2/2018 3.18 2.13 6.42 0.278 0.217 0.420
8/1/2018 2.20 0.07 4.38 0.250 0.124 0.332
9/4/2018 2.42 1.28 3.39 0.287 0.236 0.418
10/2/2018 3.57 1.81 5.32 0.324 0.217 0.414
TOTAL 3.18 2.24 4.43 0.274 0.201 0.470
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Figure 6.2.18: Yearly Nitrate Spatial Decomposition 
 
 
Figure 6.2.19: Yearly Orthophosphate Spatial Decomposition 
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Table 6.2.7: Upstream Location Land Use Fractions 
 
 
Table 6.2.8: Total Monthly Upstream Spatial Nutrient Decomposition 
 
 
 
 
 
 
 
 
SITE Area (km2) X_ag X_urb
CH-5 9.19 0.907 0.093
LVK-1 2.47 0.850 0.150
CH-3 11.7 0.520 0.480
SNK-2-US 2.06 0.304 0.696
CH-4 17.6 0.150 0.850
MONTH N_ag N_urb E_N P_ag P_urb E_P
10/30/2017 3.44 2.81 3.07 0.322 0.256 0.247
11/27/2017 3.70 2.59 2.24 0.307 0.239 0.213
12/18/2017 3.42 2.52 2.35 0.385 0.217 0.273
1/22/2018 3.37 2.84 2.85 0.301 0.190 0.180
3/5/2018 3.65 3.69 1.48 0.348 0.239 0.232
4/6/2018 3.03 3.16 1.84 0.337 0.226 0.255
5/4/2018 2.83 2.56 2.25 0.308 0.223 0.206
5/23/2018 3.25 3.01 2.16 0.306 0.233 0.208
7/2/2018 3.34 2.19 2.29 0.272 0.257 0.097
8/1/2018 1.96 0.51 2.10 0.245 0.155 0.059
9/4/2018 2.30 1.97 1.82 0.290 0.268 0.127
10/2/2018 3.25 1.74 2.26 0.367 0.201 0.223
TOTAL 3.13 2.47 2.22 0.316 0.225 0.193
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Figure 6.2.20: Yearly Upstream Nitrate Spatial Decomposition* 
*Decomposition performed on upstream sampling sites, excluding mainstem and redundant sites 
 
 
Figure 6.2.21: Yearly Upstream Orthophosphate Spatial Decomposition* 
*Decomposition performed on upstream sampling sites, excluding mainstem and redundant sites 
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Figure 6.2.22: Mean Yearly Downstream Nitrate Concentration  
 
  
Figure 6.2.23: Mean Yearly Downstream Orthophosphate Concentration 
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Table 6.2.9: Monthly Downstream Nitrate Loss in the Mainstem 
 
 
Table 6.2.10: Monthly Downstream Orthophosphate Loss in the Mainstem 
 
MONTH N(in) N Loss
1000 6000 10000
10/30/2017 3.13 2.77 2.74 2.64 -0.488
11/27/2017 3.16 2.63 2.74 2.44 -0.721
12/18/2017 2.99 2.33 2.33 2.28 -0.707
1/22/2018 3.12 2.97 2.74 2.58 -0.542
3/5/2018 3.67 3.56 3.62 3.41 -0.255
4/6/2018 3.10 2.97 3.05 2.92 -0.181
5/4/2018 2.70 2.21 2.21 2.16 -0.536
5/23/2018 3.13 2.60 2.64 2.44 -0.689
7/2/2018 2.78 2.38 2.07 1.83 -0.951
8/1/2018 1.26 0.687 0.725 1.06 -0.199
9/4/2018 2.14 1.69 1.67 1.63 -0.503
10/2/2018 2.52 2.06 3.25 3.07 0.557
Meters Downstream
MONTH P(in) P Loss
1000 6000 10000
10/30/2017 0.290 0.234 0.254 0.274 -0.016
11/27/2017 0.274 0.219 0.232 0.244 -0.030
12/18/2017 0.304 0.189 0.186 0.199 -0.105
1/22/2018 0.247 0.183 0.189 0.200 -0.047
3/5/2018 0.295 0.230 0.246 0.262 -0.033
4/6/2018 0.283 0.207 0.216 0.231 -0.052
5/4/2018 0.267 0.225 0.236 0.253 -0.014
5/23/2018 0.270 0.223 0.239 0.260 -0.010
7/2/2018 0.265 0.230 0.244 0.247 -0.018
8/1/2018 0.202 0.155 0.170 0.210 0.008
9/4/2018 0.279 0.255 0.290 0.300 0.021
10/2/2018 0.287 0.265 0.270 0.300 0.013
Meters Downstream
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Figure 6.2.24: Monthly Downstream Nitrate Removal Rates 
 
 
Figure 6.2.25: Monthly Downstream Orthophosphate Loss 
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Chapter 7: Discussion 
 The goal of this research was decomposing the integrated nitrate signal observed 
at the outlet of the South Elkhorn to contributing runoff and groundwater sources from 
agricultural/pasture and urban/suburban land-uses.  By coupling spatial sampling of 
nitrate concentration in water with contemporary nutrient and water quality sensor 
technology, a decomposition of the nitrate signal and an estimation of source timing and 
loading in the South Elkhorn watershed was possible. Results of this analysis lead to a 
discussion of mean nitrate trends, land use origin of nitrate and its potential seasonality, 
diel fluctuations and longitudinal nitrate removal, and event-fluctuations associated with 
the groundwater and runoff inputs to the stream that get integrated to the nitrate signal of 
the watershed. Results allowed for a discussion of nitrate source and transformation 
processes in the inner bluegrass region of central Kentucky. 
7.1 General Nitrate Signal Discussion 
7.1.1 Mean Nitrate Concentrations  
 The watershed’s mean nitrate signal reveals relatively high annual average nitrate 
concentrations, and the elevated nitrate is likely input to the stream from urban and 
agricultural fertilizer, manure from cattle ranches and the equine industry, and 
mineralization of legacy organic nitrogen. Nitrate concentrations and yearly exported 
loads for the 2018 water year could be influenced by the distinctly increased average 
discharge and yearly precipitation total compared to past years. 
 The yearly average concentration of nitrate as nitrogen in the Upper South 
Elkhorn watershed observed by the sensor platform was 2.28 mg/L. The yearly average 
concentration of nitrate as nitrogen in the Upper South Elkhorn watershed for spatially 
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dispersed samples was 2.93 mg/L. These concentrations are greater by far than the 
reported national average for background concentrations of nitrate in surface streams of 
0.240 mg/L (Dubrovsky et al., 2010). However, these average nitrate concentrations are 
less than the national averages of nitrate in surface streams with significant agricultural 
impacts of approximately 3.00 mg/L, and greater than the national averages of nitrate in 
surface streams with significant urbanization and mixed use watershed, which are both 
approximately 1.00 mg/L (Dubrovsky et al., 2010). Results from this study support 
results from previous studies in the Upper South Elkhorn watershed (Ford et al., 2017), 
which found elevated levels of nutrients in South Elkhorn Creek, including an annual 
average nitrate concentration equal to 2.26 mg/L NO3 − N. Agricultural lands in the 
Upper South Elkhorn watershed are dominated by horse farms, which are not as intensive 
as other forms of agricultural usage, with some cattle farms, and little row cropping.  
 The yearly average concentration of orthophosphate as phosphorous in the Upper 
South Elkhorn watershed for spatially dispersed samples was 0.244 mg/L. This is greater 
by far than the reported national average for background concentrations of 
orthophosphate in surface streams of 0.010 mg/L (Dubrovsky et al., 2010). This average 
concentration is also greater than national averages of orthophosphate in surface streams 
with significant agricultural impacts of approximately 0.100 mg/L, and greater than the 
national averages of orthophosphate in surface streams with significant urbanization and 
mixed use watershed, which are both approximately 0.050 mg/L (Dubrovsky et al., 
2010). Elevated orthophosphate levels in the Upper South Elkhorn watershed are likely 
sourced from the layer of phosphatic Lexington Limestone bedrock present throughout 
much of the Inner Bluegrass Region of central Kentucky, including the Upper South 
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Elkhorn watershed, and even serves as the bed of the South Elkhorn stream in this 
watershed. Other studies have suggested high DRP background levels are due to the 
phosphatic limestone of the system (Ford et al., 2017).  
7.1.2 Seasonal Trends in Nitrate Concentrations  
 Seasonal trends apparent in the sensor nitrate data throughout the year of 
sampling showed highest nitrate concentrations occurring in the late winter months 
(January - March) and lowest nitrate concentrations occurring in summer (July – 
September). Seasonal trends apparent in the spatial nutrient data throughout the year of 
sampling showed largely similar results to the sensor data, with highest nitrate 
concentrations occurring in the late winter to early spring months (March - April) and 
lowest nitrate concentrations occurring in summer (July – September). Seasonal patterns 
in nutrient concentration and export were found to be varied between watersheds 
presented in the literature. Peak nitrate concentrations in late winter and early spring in 
the South Elkhorn are attributed to minimal plant uptake of nitrate during this time and 
fertilizer application on moist soils.  Low evaporative demand elongate moist soils 
conditions.  In turn, rainfall events transfer concentrated nitrate in soils to the karst 
groundwater flow and to streams.  Lowest nitrate concentrations in late summer in the 
South Elkhorn are attributed to relatively high uptake of nitrate from plant demand during 
these months, dry soils from high evaporative demand, and potentially enhanced 
denitrification in surface soil layers due to high temperatures.  Dry soils during late 
summer may delay the transfer of soil water to the stream system during hydrologic 
events.  In this way, soil nitrate is unable to reach the stream during hydrologic events, 
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unless the event is extreme in magnitude (e.g., inland impacts of tropical cyclones) 
(Husic et al., 2019). 
 In comparison with other systems, seasonality was determined to largely be a 
factor of empirical watershed characteristics, such as land-uses, agricultural intensity, and 
regional climate (Ohte, 2012; Duncan et al., 2015). Researchers have shown nitrate 
concentrations and loads from watersheds to have maximums in all seasons, based on 
watershed characteristics. Several researchers found highest nitrate concentrations to 
occur in the late spring and summer, attributing these findings to increased precipitation 
and stream discharge as well as fertilizer applications in agricultural catchments 
(Mulholland, 1992; Mulholland & Hill, 1997; Pellerin et al., 2014; Duncan et al., 2015; 
Tian et al., 2016). Watersheds with highest nitrate concentrations and loadings occurring 
in winter and early spring have been attributed to increased flow during winter and spring 
and minimal microbial or plant uptake or assimilation (Stoddard, 1994; Arheimer et al., 
1996; Pellerin et al., 2011; Ohte, 2012; Rattan et al., 2017). See Table 7.1.1 for relevant 
results from the referenced literature.  
7.1.3 Nitrate Fate and In-Stream Losses 
 Nitrate loss in streams can be due to one of several hydrological or 
biogeochemical processes, including sediment retention at the streambed, denitrification, 
and biological assimilation (Triska et al., 1989; Heffernan & Cohen, 2010; Burns et al., 
2016). Related to these temporary and permanent removal pathways, the watershed’s 
nitrate signal may also contain artifacts of in-stream nitrate removal by autotrophs (i.e., 
algae, macrophytes) in diel variations and heterotrophic bacteria in biofilms and epilithic 
sediment layers in the stream corridor via net removal spatially. To investigate these 
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removals, an analysis of low flow data was completed to investigate in-stream nitrate 
removal to avoid variability introduced by event-fluctuations. 
 Two approaches were used to analyze in-stream removal including: (i) 
decomposing and further analyzing the nitrate signal’s diel component during low flows 
or hydrograph recession periods which gives us an indication of autotrophic rates; and (ii) 
decomposing spatial data and analyzing in-stream decreases in nitrate levels 
longitudinally in the stream corridor which gives us an indication of net autotrophic and 
heterotrophic removal rates.   
 Diel nitrate loss in the Upper South Elkhorn watershed was found to average 
approximately 0.043 mg-N/L-d for the full year, or approximately 2% of mean daily 
nitrate concentration. Highest seasonal loss rates occurred in the fall of 2017 (2.30%), 
and lowest loss rates occurred in the winter of 2018 (1.45%), with summer and spring 
months exhibiting similar loss rates of 2.07% and 1.95% respectively in the Upper South 
Elkhorn watershed (Table 6.1.4). Diel nitrate loss has been associated with 
photosynthetic production, with assimilation occurring during daylight hours, resulting in 
nitrate loss; and cessation of nitrate loss occurs during nighttime hours when 
photosynthesis stops (Heffernan & Cohen, 2010). However, the diel fluctuations in 
nitrate concentration observed at the sensor platform location may represent the 
integration of several removal pathways that may also fluctuate relative to daily drivers. 
From spatial analyses of land use sources and mainstem nitrate and spatial 
decomposition, an estimated 15.5% of the groundwater nitrate flowing as baseflow in the 
South Elkhorn Creek is removed by the stream corridor prior to reaching the watershed 
outlet. This result supports the results reported by Ford et al. (2017), who reported 
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modelled nitrate removal rates of between 14.4% and 18.7%, attributed to processes such 
as fixation and denitrification. 
 These results show some subtle differences and a number of similarities with the 
peer reviewed literature.  These results contrast with much of the observed literature, in 
which highest magnitude nitrate losses occur during growth seasons (Pellerin et al., 2009; 
Burns et al., 2016). Nitrate loss was found to be most positively correlated with average 
water temperature, and most negatively correlated with magnitude of stream discharge 
(Burns et al., 2016). Therefore, hydrological unusually high fall temperatures, 
corresponding low concentrations, and low flows could have contributed to the high loss 
rates in the Upper South Elkhorn watershed during these months. Low temperatures, high 
concentrations and discharges, and less primary production explain lower loss rates in the 
winter. Nitrate concentrations in the Upper South Elkhorn watershed were found to 
decrease with downstream transport in the mainstem of the Upper South Elkhorn Creek 
(Figure 6.2.23). This phenomenon was found to be in agreement with relevant literature 
regarding in-stream nutrient transformations. Nitrate concentrations have been found to 
decrease with increasing watershed size and increasing downstream distance (Kang et al., 
2008). In-stream nitrate removal by bed sediments has been reported in the literature to 
be the dominant process by which nitrate is removed from the stream (Alexander et al., 
2000; Wollheim et al., 2006; Alexander et al., 2008). This could explain the difference in 
removal rates observed for daily variations at the watershed outlet and spatial removal in 
the mainstem, although both measured removal approaches may be an integration of 
several contributing processes. Additionally, high yearly flows and precipitation 
compared to previous years could influence removal rates in the stream. High flows have 
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been found in the literature to interrupt removal processes that are most active during 
lowflow conditions. During drier years, removal dynamics may somewhat differ from the 
observed rates during the 2018 water year. 
7.2 Integrated Temporal Signal Decomposition 
 Analysis of the collected temporal nutrient data yielded several relevant and 
significant results. The general event response of relevant parameters and their 
concentration discharge relationships during events were examined and compared to 
results observed in the literature to elucidate dominant watershed hydrological 
mechanics. Finally, results of the event end-member flowpath and nitrate concentration 
signal decomposition were analyzed against the literature and other relevant results in this 
study. 
7.2.1 General Hysteresis Event Responses 
 The prevalent occurrence of clockwise nitrate-discharge hysteresis relationships 
in the South Elkhorn watershed is not abnormal when comparing to the literature. Similar 
watersheds have exhibited similar results (Lloyd et al., 2016). However, these results are 
also not part of an overwhelming trend either. Similar watersheds have also exhibited 
directly contradictory results (Vaughan et al., 2017). It can be inferred then that the 
processes controlling the dominant hysteresis loop responses to increased discharges in 
the South Elkhorn watershed are somewhat unique to the watershed itself. The South 
Elkhorn watershed is made up of 58 % undeveloped or agricultural land, characterized by 
hay pasture and livestock, with very little row cropping. Additionally, the livestock land-
usage is predominately equine, with a smaller percentage used for cattle, and no confined 
agriculture operations. Much of this rural land usage makes up the downstream reaches of 
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the watershed, with much of the upland reaches of the watershed dominated by urban 
land use (42 %). Therefore it can be assumed that runoff from agricultural area replete 
with nitrate from fertilizers/manure is not a major contributing source of nitrate. This is 
evidenced by the lack of accretion during the rising limb of the hydrographs. Clockwise 
loops are often attributed to the contribution of proximal sources (Williams, 1989; Evans 
& Davies, 1998). Dilution has been attributed to increased dilute overland runoff (Ferrant 
et al., 2013; Bowes et al., 2015; Lloyd et al., 2016). Proximal sources of elevated nitrate 
concentrations have been identified as shallow, near-stream groundwater or soil water 
stores, and a nutrient enriched high water-table (Jiang et al., 2010; Chen et al., 2012; 
Bowes et al., 2015; Lloyd et al., 2016; Fovet et al., 2018). Some authors report urban 
activity as the cause of diluting responses (Vaughan et al., 2017; Aguilera & Maleck, 
2018). The South Elkhorn nitrate hysteresis loop response is defined in large part by the 
pervasiveness of a time-lagged response of nitrate concentrations to increased discharge 
during events and the subsequent dilution during the recessing limb of the hydrograph. It 
is likely that during the rising limb of the hydrograph, nitrate concentrations at the 
watershed outlet remain stable or conform to pre-event trends due to the infiltration of 
new water into the soil column of the rural land that make up the downstream reaches of 
the watershed, and the subsequent flushing of nitrate replete near stream soil and shallow 
groundwater in immature karst conduits. Using delineated GIS shapefiles for the surface 
areas contributing to subsurface karst conduits in the Upper South Elkhorn watershed and 
estimated sizes of these conduits, an approximate calculation for subsurface storage 
capacity was performed. It was estimated that 3,650 cubic meters can be stored in the 
subsurface karst system in the Upper South Elkhorn watershed, while an estimated 
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50,500 cubic meters can be stored in the surface system. Event flush volumes, or the 
volume of event discharge occurring before incipient nitrate concentration flush, were 
calculated for each analyzed event. Mean flush volumes were 3,052 cubic meters, almost 
exactly the estimated stored subsurface volume (Figure 6.1.28). Maximum flush volume 
occurred for the maximum event, and was equal to 14,600 cubic meters. As the event 
hydrograph progresses, the relative contribution of dilute overland flow increases due to 
either soil saturation or contributions from direct runoff from impervious land cover in 
the urban dominated sections of the watershed that reach the watershed outlet later in the 
event. This dilute overland flow is the cause of the dilution exhibited in the majority of 
events. The subsequent sustained period of increasing concentration after the end of the 
hydrograph is due to the increased connectivity of concentrated slow-flow groundwater 
as the water table rises. Additionally, the disruption of the natural biogeochemical cycling 
processes in the stream due to the storm event can contribute to the increased nitrate 
concentrations, as this would help to explain the reducing concentration that occurs 
subsequently after the post-event nitrate peak. 
 Watershed size has not been found to be a strong indicator of resultant hysteresis 
behavior, and there are studies of similar watersheds to the South Elkhorn that have 
yielded both supporting and contradicting results to those found in the South Elkhorn. 
The same is true for land-use and land-cover. Event intensity and overall volume of 
runoff are largely correlated with hysteresis loop shape, with increasing event intensity 
and volume runoff resulting in stronger dilution patterns and varied loop directions. This 
pattern is reported in several studies (Blaen et al., 2017; Williams et al., 2018). 
Antecedent moisture conditions are largely uncorrelated with hysteresis response in the 
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South Elkhorn, as the persistent pattern of diluting clockwise and stable rising limb 
concentrations are present for both dry and wet antecedent conditions, as displayed in the 
figure below. 
 Larger events in the South Elkhorn watershed result in stronger dilution, but 
increasingly weak hysteresis loops, characterized by complex or figure eight shapes. 
Watersheds with urban or mixed use land usage report diluting responses to larger events 
(Chen et al., 2012; Duncan et al., 2017; Aguilera & Maleck. 2018). This is attributed to 
larger contributions from dilute surface runoff during large events (Duncan et al., 2017). 
In the South Elkhorn, events with a discharge peak of greater than 15 cubic meters per 
second general exhibit this characteristic pattern. Indicating that storms of this size are 
defined by largely overland runoff with little or rapid infiltration. These storms generally 
do not exhibit the characteristic time-lag in nitrate concentration response, indicating that 
the flushing of near-stream sub-surface sources is not present or is bypassed due to 
increased surface flow. 
 Additional parameters exhibited similar or commensurable hysteresis results and 
event response behavior as were observed for nitrate hysteresis. In the case of additional 
soluble parameters, such as conductivity and pH, similar time-lags in the rising limb 
followed by dilutions in the falling limb of the hysteresis loop occurred. Particulate 
constituents, i.e. turbidity as a proxy for suspended solids, showed similar time-lags in 
the rising limb of the hysteresis loops, but with a subsequent accretion in the falling limb 
of the hysteresis loop, creating a counter-clockwise loop direction. The pervasive 
occurrence of counter-clockwise turbidity-discharge hysteresis relationships is abnormal 
when considering the results of the large majority of similar studies, which report largely 
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clockwise hysteresis loops. However, watersheds of similar size and land-use have 
exhibited similar results in some cases (Lawler et al., 2006; Lloyd et al., 2016). Figure 
6.1.29 shows the nitrate hysteresis responses for the selected events, while Figures 6.1.30 
– 6.1.32 display the response loops for the three additional parameters. The similar or 
commensurable responses for similar magnitude events, along with the changing event-
response behavior with increasing event discharge indicate similar processes dominating 
the export of each constituent during events. 
7.2.2 Event Dynamics and Source Decomposition 
 The watershed’s nitrate signal contains event-fluctuations that reveal event-
dynamics and mixing of nitrate from surface runoff and nitrate from groundwater (i.e., 
baseflow) during hydrologic storm events.  A hydrologic connectivity analyses and 
temporal decomposition of nitrate sensor data was used to reveal event-dynamics in the 
watershed’s nitrate signal. Runoff nitrate activated during storm events has a transit time 
of less than one day. The mixture of groundwater and runoff sources produces event 
hysteresis for nitrate concentration and water discharge relationships following a 
generally clockwise behavior during moderate events and more linear behavior (i.e., lack 
of hysteresis) during highest magnitude events. Event concentration-discharge 
relationships were characterized by a significant time-lag between incipient event 
discharge and concentration response, with diluting concentrations for chemical 
constituents, and accreting concentrations for particulate constituents. 
 Nitrate event-dynamics are suggested including the following sequence of events 
during hydrologic storm events: (i) a constant nitrate behavior at the onset of an event 
when piston flows of the porous bedrock activate streamside springs; (ii) a dilution of 
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nitrate in streamwater as runoff sourced nitrate controls discharge; (iii) a nitrate peaking 
lagged about one day behind the discharge peak as soil water that is highly concentrated 
in nitrate recharges the fracture network of the groundwater reservoir and is transported 
to the watershed outlet; and (iv) a nitrate recession after an event reflecting the net nitrate 
sink capacity of the watershed during baseflow due to uptake by biota and denitrification.   
 In general, the behavior suggested for nitrate event-dynamics show some 
corroboration with previous peer reviewed literature of hydrology in karst regions. 
(i) The piston effect reflects quick-response groundwater features and streamside springs 
unique to karst, in the case of the Upper South Elkhorn watershed, potentially outpacing 
urban runoff in the upper reaches of the watershed.  The conceptual model of Huebsch et 
al., 2014 reflects this idea, and the authors suggest the existence of quick subsurface 
flowpaths (conduit flow) during an event; and the quick sub-surface conduit flow is 
activated. This effectively bypasses the diffuse flow and connects the soil and epikarst 
directly to the outlet spring.  In the case of the South Elkhorn, these springs near the 
stream corridor can release nitrogen to the stream via the piston effect (Miller et al., 
2017), which is faster than sub-surface runoff traveling through the subsurface pathways. 
The largely stable early event nitrate concentrations was attributed to the flushing of the 
stored conduit water, which is closer to groundwater concentrations due to leaching from 
the soil/epikarst layers (diffuse flow system from Huebsch et al., 2014). While few of the 
referenced studies explicitly refer to similar stable concentration flushes early in events, 
the proposed subsurface mechanics applied to the observed South Elkhorn system would 
seem to justify the potential for such an event response.  
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 Event decomposition results tend to corroborate the hypothesized piston driven 
flushing of a stored pool of nitrate replete water in karst fractures, conduits, near stream 
soils from dispersed locations in the watershed to the watershed outlet rapidly and while 
bypassing overland runoff. Simulated nitrate concentration curves for event activated 
end-members were generally high in nitrate concentration and similar to pre-event 
baseflow concentrations, but subsequently exhibited a dilution or an exhaustion of 
concentration, likely as dilute runoff made its way into the conduit flowpaths. In several 
event simulations, piston flush and interflow end-member nitrate concentrations would 
exhibit a late event increase after the initial dilution, suggesting the onset of groundwater 
recharge similar to that observed in baseflow concentration event responses.  
(ii) Dilution of nitrate concentration by surface runoff is rather typical in hydrology 
studies more generally (Ferrant et al., 2013; Bowes et al., 2015; Lloyd et al., 2016).  In 
the South Elkhorn, a similar phenomenon seems to be occurring.  This agrees with 
dilution from runoff and quickflow sources identified in a nearby karst watershed for this 
region (Husic et al., 2019).  
 Event decomposition results showed a predominate trend of diluting 
concentrations simulated for the runoff end-member source. In fact, all events excepting 
the two lowest magnitude events showed diluting runoff nitrate concentrations, 
suggesting a wash off phenomenon of built up surface and shallow soil nitrate 
concentration pools. Further, the two largest events recorded at the Upper South Elkhorn 
sensor platform during the 2017 water year exhibited marked and rapid dilution of the 
often more concentrated groundwater sources. Rapid delivery of runoff and large event 
volumes of runoff allowed for these larger magnitude discharge events to be simulated as 
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two end-member events (groundwater and runoff), along with a less pronounced piston 
flush compared to the magnitude of the event in its entirety. 
(iii) The lagged concentration nitrate peak was attributed as a soil water recharge of the 
groundwater, which increases the nitrate concentration of the groundwater store, which 
subsequently transports to the stream.  The results of this study show that as the peak 
discharge and total volume of an event increases, the peak nitrate concentration lagged 
behind the event also increases (see Figures 6.1.20 and 6.1.27).  This result suggests that 
the largest hydrologic events are able to recharge more soil water and nitrate to the 
groundwater storage, which in turn highly concentrates nitrate in this groundwater store.  
Other karst studies have show this lag effect including Huebsch et al. 2014, Pronk et al. 
2009; and Husic et al., 2019. The variable concentrations of these source locations 
determine the event dynamics at the spring outlet. The system studied in Huebsch et al., 
2014 showed net mobilization of nitrate due to increased flow during an event, but the 
concentration peak was significantly lagged behind the discharge peak.  
 (iv) A nitrate recession after an event reflecting the net nitrate sink capacity of the 
watershed during baseflow due to uptake by biota and denitrification.  Decreases after the 
event and recession of nitrate can be due to less mixing with the soil leaching recharge to 
groundwater, denitrification within the groundwater store, and slower river water that 
allows for additional nitrate uptake and turnover.  Soil percolation to the groundwater 
store from near surface soil water likely decreases after an event and it is likely the near 
surface soil water is elevated in nitrate levels.  Isotope analyses in Husic et al. (2019) 
suggest net denitrification in the soil and groundwater basin, which lends support to this 
idea.  Although not necessarily linear, water velocity does continue to slow during these 
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recession periods which allows for increased contact time with bed sediments and plants, 
such that net increases could occur for assimilation by heterotrophs and authotrophs. 
 When considering the event-response behavior of the additional monitored 
parameters, it is evident that similar processes govern the export of these parameters that 
govern nitrate export, given the similarities in hysteresis loops and general event-
response. Similar time-lags in the rising limb of event hydrographs occur for each of the 
additional parameters, including turbidity, which is not necessarily to be expected for a 
particulate driven parameter. This corroborates the hypothesized piston flush (i). 
Subsequent dilutions are evident in the falling limbs of the hysteresis loops of soluble 
parameters, while accretion is evident in the falling limbs of the hysteresis loops of 
particulate parameters. This phenomenon also serves to corroborate the hypothesized 
dilution due to event water contributions later in the event (ii), as soluble parameters can 
be expected to dilute, while particulate parameters can be expected to accrete with 
increasing new discharge. During the recessing limb of the hydrograph and shortly after 
events, the measured values for the additional soluble parameters began to increase back 
to pre-event concentrations or higher, while turbidity concentrations tended to decrease to 
pre-event concentrations. This indicates a re-emergent dominance of baseflow 
groundwater sources with the potential recharge of concentrations from stored soil waters 
after event infiltration (iii). During the lowflow periods between events, the measured 
concentrations of the additional parameters behaved differently than nitrate. Conductivity 
and pH values exhibited daily fluctuations, but tended to increase gradually rather than 
experiencing a recession, while turbidity values were generally stable near zero values 
between events. This suggests that in-stream cycling processes governing both 
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conductivity and pH differ from those that govern nitrate, causing gradual increasing 
concentrations at lowflow rather than a recession between events (iv). 
7.2.3 Sources of Error in the Event Decomposition 
 The model simulation of event end-member nitrate concentrations has inherent 
potential for uncertainty. The single largest source of this uncertainty stems from the 
method used to simulate the end-member flow fractions that were fed into the 
optimization decomposition script. The uncertainty of the connectivity routing method 
used in this work has yet to be quantified. Therefore, while a solution is likely to exist 
within the presented parameter solution spaces, the simulated line of best fit for each of 
the end-member sources is not necessarily the exact solution. Additionally, the graphical 
determination of baseflow discharge and nitrate concentration is inherently highly 
subject, along with the choice of polynomial order to fit these curves. These assumptions 
were made operationally and on the judgement of the researchers. 
7.3 Spatial Signal Decomposition  
 Analysis of the collected spatial nutrient data yielded several relevant and 
significant results. Nutrient dynamics and processes observed for various watershed 
features, specifically the nitrate concentration dynamics upstream and downstream of in-
stream sinks such as ponds, were compared to relevant findings from similar studies. 
Further, the impacts of in-stream retention times and watershed size on nitrate 
transformations and fate were examined for the monitored sub-catchments. Finally, 
results yielded from the land-use correlation and decomposition analyses were compared 
to relevant results garnered from an intensive study of relevant literature. 
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7.3.1 Impact of Watershed Nitrate Hotspots 
 Spatial nutrient sampling elucidated the impact of watershed features and 
perceived nutrient “hotspots”. Two spring locations in the Upper South Elkhorn 
watershed exhibited elevated nitrate concentrations compared to the remaining sampled 
locations, and were much greater than national background levels of nitrate in 
groundwater (Dubrovsky et al., 2010). This is consistent with previous findings for 
groundwater and karst nitrate concentrations. Karst systems, specifically those dominated 
by conduit flow, are particularly susceptible to contamination from surface sources of 
nutrients due to rapid delivery of event surface flow along preferential flowpaths 
(Einsiedl & Mayer, 2006; Kingsbury et al., 2008; Opsahl et al., 2017). Groundwater and 
subsurface karst systems often produce elevated nitrate concentrations (Katz, 2004; 
Einsiedl & Mayer, 2006; Musgrove et al., 2016) due to anthropogenic sources (Katz, 
2004; Albertin et al., 2012) and legacy stores from the nitrification of other forms of 
nitrogen in the soil column and vadose zones (Kendall et al., 2008; Musgrove et al., 
2016; Van Meter et al., 2016; Fenton et al., 2017; Opsahl et al., 2017).  
 Elevation of nutrient concentrations delivered to streams from livestock sources is 
well documented (Puckett, 1995; Anderson et al., 2002) and explains the elevated 
concentrations measured at the LVK-1 sampling location. However, an upstream-
downstream investigation of the LVK-2 sampling location resulted in no significant 
observable changes in concentration within the stream reach (Figures 6.2.9 and 6.2.10). 
Livestock were observed in the stream reach at this location prior to sampling, with 
marked observed impact on the quality of the stream, including bank degradation, 
manure, and loss of riparian vegetation. It was considered that the removal of livestock 
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from this location would result in potential remediation of negative impact with respect to 
nutrient concentrations over the course of the year. However, nutrient concentrations did 
not fluctuate at any higher rate than other locations in the watershed. The relative stability 
of nutrient concentrations at this location imply the existence of a legacy store of nitrate 
and orthophosphate in the soil column that is exported in the stream.  
 No observable difference was noted for the upstream-downstream analysis of the 
algal bloom location, potentially due to variant flow conditions and varying levels of 
algal growth throughout the year. Alternatively, marked downstream reductions of both 
nitrate and orthophosphate concentrations were observed at the SNK-2 location, which is 
a pond in an upstream urban reach of the stream. While no such reductions were observed 
for the SNK-1 location, a series of beaver dams on the mainstem of the stream, it is likely 
that conclusions can be drawn for the impact of hydrologic sinks in a watershed, as 
location SNK-1 was likely not as closed a system as SNK-2 and therefore was not 
efficient at nutrient retention. Ponds and reservoirs are well documented watershed 
features with increased capacity for nutrient removal from the stream (Wollheim et al., 
2008; Harrison et al., 2009; Brown et al., 2011; Powers et al., 2014; Powers et al., 2015). 
Nutrient removal in reservoirs occurs primarily through processes such as denitrification, 
sedimentation, and plant uptake (Saunders and Kalff, 2001; Bosch & Allan, 2008; 
Powers et al., 2015). Removal efficiency is correlated with hydraulic residence times and 
nutrient loading rates (Saunders and Kalff, 2001; Alexander et al., 2002; Seitzinger et al., 
2002). 
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7.3.2 Land-Use Impacts, Contributions to Baseflow Nitrate Concentrations  
 The primary result desired from the spatial sampling of the Upper South Elkhorn 
watershed was the determination of land-use correlation with nutrient concentrations and 
the relative contributions from the respective land uses. The Upper South Elkhorn 
watershed is impacted by anthropogenic influences, with large portions of the watershed 
used as either urban residential or agricultural land. Increases in both agricultural land use 
fraction (Arheimer & Liden, 2000; Pellerin et al., 2006; Burns et al., 2009; Evans et al., 
2014; Van Meter et al., 2017; Koenig et al., 2017) and urban land use fraction (Osbourne 
and Wiley, 1988; Brett et al., 2005; Koenig et al., 2017) have been linked to increases in 
nitrate and orthophosphate loadings delivered to the stream networks. In mixed use 
watersheds, agricultural land use areas were generally found to have an increased 
contribution of nutrient concentrations (Dubrovsky et al., 2010; Evans et al., 2014; 
Koenig et al., 2017).  
 The watershed’s nitrate signal may contain integration nitrated sourced from 
different land-uses and exhibit seasonality associated with nitrate inputs and 
transformations. Spatial decomposition of low flow (i.e., groundwater sourced) nitrate 
levels across the watershed allowed us to provide evidence of land-use and seasonality of 
groundwater nitrate levels. In this system, groundwater nitrate is sourced primarily from 
urban/suburban and agriculture/pasture soils and leaches down to a groundwater store in 
the fracture network of the limestone bedrock. Spatial decomposition of groundwater 
baseflow data contributing to the stream allowed for the division of nitrate in South 
Elkhorn Creek to urban/suburban and agriculture/pasture land-uses. 
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 Groundwater sources of nitrate analyzed with spatial decomposition show 
dependence on land-use, and annual-spatial means are 3.13 mg/L NO3 − N from 
agricultural landscapes to the Upper South Elkhorn Creek and 2.47 mg/L NO3 − N from 
urban/suburban landscapes. A comparison with the literature is necessary because the 
results of this study reflect the groundwater nitrate only, and runoff dilutes nitrate 
concentration in this basin.  Nevertheless, some comparison was performed with the 
literature. South Elkhorn agriculture/pasture nitrate concentration was similar to the 
national averages of nitrate in surface streams with significant agricultural impacts of 
approximately 3.00 mg/L NO3 − N  (Dubrovsky et al., 2010), however runoff nitrate 
likely dilutes this value.  Agricultural lands in the Upper South Elkhorn watershed are 
dominated by horse farms, which are not as intensive as some other forms of agricultural 
usage, with some cattle farms, and little row cropping. Therefore, nitrate concentrations 
at or below the national average for agriculture seem reasonable result. South Elkhorn 
urban/suburban sources are greater than the national averages of nitrate in surface streams 
with significant urbanization and mixed use watershed, which are both approximately 
1.00 mg/L NO3 − N (Dubrovsky et al., 2010).  Albeit runoff dilutes the urban value, the 
above national average numbers suggest potentially elevated contribution of nitrate from 
urban sources, potentially from human or pet waste, or the application of residential lawn 
fertilizer. 
7.4 Novel Results of this Thesis for the Peer-Reviewed Literature 
 This thesis gives scientists and research engineers a refined view of the source, 
fate and transport of nitrate in immature fluviokarst watersheds, such as the South 
Elkhorn watershed.  Previous research by Ford, Husic and colleagues for immature 
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fluviokarst watersheds have been important to show the ability of autochthonous 
production to sequester nitrate in streams, the removal of nitrate from streamwater by 
heterotrophic microbes, and the dual- triunal-porosity of the landscape and groundwater 
systems of fluviokarst to produce flashy quickflow from runoff and conduits and one or 
more slowflow transfer of nitrate from these karst limestone systems (Ford et al., 2016, 
2017, 2019; Husic et al., 2019).  This thesis adds to this body of knowledge for immature 
fluviokarst, and novel results of this thesis for the peer-reviewed literature include an 
improved understanding of nitrate production across the soils and groundwater reservoirs 
of these systems, nitrate delivery to the stream network during and after hydrologic 
events, and nitrate removal pathways of the streambed. 
 The coupled soil-groundwater system of the fluviokarst landscape produce nitrate 
loadings to streams beyond what will be expected for non-karst terrain with similar land 
uses.  Nitrate concentrations in streamwater from fluviokarst agricultural lands are nearly 
equal to national average nitrate concentrations loaded from agriculture lands despite the 
low impact agriculture of the fluviokarst region; and nitrate concentrations from 
fluviokarst urban lands are 2.5 times greater than the average annual nitrate 
concentrations loaded from urban lands.  Immature fluviokarst terrain is typically rolling 
in nature with bedrock outcrops, making the landscape more suitable to pasture than row 
cropping, and pasture lands dominate the South Elkhorn Creek.  Therefore, lower 
agricultural loadings are expected. Also, urban/suburban lands for this system are typical 
of land development practices over the past 40 years and it is not expected that excessive 
leaking sewers or failing septic systems are present, which is more typical of aging 
infrastructure.  However, nitrate loadings remain relatively high. These high loadings are 
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attributed to the short groundwater residence time of the fluviokarst subsurface.  Similar 
to other karst terrain (Opsahl et al., 2017), the subsurface is unable to denitrify the nitrate 
becomes storage times are so short. 
 Based on the evidence of this study, seasonality of nitrate transfer exists for 
fluviokarst watersheds.  Seasonal production of the coupled soil-groundwater system of 
the fluviokarst landscape shows peak nitrate concentrations in late winter and early spring 
and lowest nitrate concentrations in late summer in the South Elkhorn.  This variation 
most likely reflects the soil-plant processes in the fluviokarst watershed, including 
evapotranspiration and plant demand for nutrients.  Late winter peak nitrate concentration 
in streamwater is attributed to rain fell on wet soils with high nitrate concentrations 
indicative of low evaporative demand and low plant demand for nitrate.  Late summer 
low nitrate concentration in streamwater is attributed to relatively high uptake of nitrate 
from plant demand during high temperature months, rain fell on dry soils from high 
evaporative demand and therefore lower baseflow produced water or nitrate, and 
potentially enhanced denitrification in surface soil layers due to high temperatures.   
 In addition to seasonality, fluviokarst watersheds show variation in their transfer 
of nitrate as a function of hydrologic events.  These fluviokarst systems show clockwise 
nitrate-discharge hysteresis relationships.  Nitrate delivery during the beginning of 
hydrologic events shows a relatively unique feature to fluviokarst watersheds that 
includes a near constant nitrate behavior when piston flows of the porous bedrock 
activate streamside springs.  Following this “karst flushing” period, nitrate concentration 
of streamwater becomes diluted as runoff dominates the hydrograph.  The peak nitrate 
concentration during hydrologic events lags about one day (0.4 hr/km2) behind the 
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discharge peak as soil water that is highly concentrated in nitrate recharges the fracture 
network of the groundwater reservoir and is transported to the watershed outlet.  A nitrate 
recession after an event occurs for weeks after a hydrologic event reflecting the net 
nitrate sink capacity of the watershed during baseflow due to uptake by biota and 
denitrification.   
 Finally, evidence is provided suggesting that fluviokarst watersheds with third 
order agriculturally impacted streams remove about 15% of their nitrate load (1.5% NO3− − N/km) along the stream’s length.  The estimate is remarkably close to previous 
estimates for these stream types (Ford et al., 2017). It must be qualified that the estimates 
presented herein are for baseflow conditions. 
 The results presented in this thesis surely add to the peer-reviewed literature, and 
therefore provide a great understanding of nitrogen source, fate and transport in 
fluviokarst systems.  It is hopeful this information will be used in future research to see 
impacts on toxic algal blooms that impact drinking water supply. 
7.4 Advantages, Limitations, and Future Research 
 Research presented in this thesis also demonstrates the efficacy of in-situ nutrient 
sensor for their applications in hydrologic settings, and their benefit for ecological 
researchers. Nitrate sensors were found to be highly accurate in their autonomous 
measurements in a wide range of physical conditions. Nitrate sensors displayed a notable 
ease of use and durability. Continuing advancements in continuously monitoring nutrient 
and water quality sensors has significant and widespread implications for environmental 
and hydrologic research in the future. 
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 Several limitations to this study were notable. First, the duration of the study was 
not sufficient to capture interannual variability for desired parameters. Additionally, 
significant data gaps are present in the nutrient time-series due to adverse physical 
conditions or instrument collection and storage error. Spatial sampling covered only a 
limited portion of the watershed as a whole and hotspot sampling was limited to only a 
fraction of the total known watershed features in the Upper South Elkhorn watershed.  
 Future work is potentially necessary to begin to fill in these limitations. Increasing 
the duration and number of locations in which continuous nutrient sensors are applied 
will increase knowledge of the controlling hydrologic and biogeochemical processes 
within the watershed. Applying the decomposition model to adjacent watersheds and 
upscaling results to more and larger watersheds will elucidate the accuracy of results 
compared to regional watersheds. 
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Chapter 7 Tables and Figures 
 
Table 7.1.1: Nitrate/Nitrogen Seasonality Literature Results 
 
 
 
 
 
 
 
 
Season Concentrations (mg/L) Season Concentrations (mg/L)
Mulholland, 1992. 
Limnology and 
Oceanography
Summer 0.4 - 0.5 
Late Fall     
Winter          
Early Spring
0.1 - 0.2
Mulholland and Hill, 
1997. Water 
Resources 
Research
Summer 0.3 - 0.6 Late Fall        
Early Spring 
0.05 - 0.2
Pellerin et al., 2014. 
Environmental 
Science & 
Technology
Summer 2.0 -3.0 Fall 0.5 - 1.0
Duncan et al., 2015. 
Water Resources 
Research
Summer 0.1 - 0.3
Late Fall        
Early Spring 0.0 - 0.1
Tian et al., 2016. 
Journal of 
Hydrology
Late Spring     
Summer        
Early Fall
2.0 - 4.0
Late Fall       
Spring 1.0 - 2.0 
Stoddard, 1994. 
American 
Chemical Society
Late Winter    
Spring 20 - 30 (μmol)
Summer         
Fall 0.0 - 5.0 (μmol)
Arheimer et al., 
1995. Journal of 
Hydrology
Winter        
Spring 0.1 - 1.0 Summer 0.01 - 01
Pellerin et al., 2011. 
Biogeochemistry
Late Winter    
Spring
16 -24 (μmol)
Late Spring       
Summer
6.0 -12 (μmol)
Rattan et al., 2017. 
Science of the 
Total Environment
Late Winter    
Spring 5.0 -15 (TN)
Summer         
Fall 1.0 -5.0 (TN)
Seasonal Maximums Seasonal MinimumsAuthor
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Chapter 8: Conclusions 
 The conclusion of this thesis is as follows for the South Elkhorn watershed and 
the following eight points are detailed.  The conclusion may be somewhat indicative of 
immature fluviokarst systems more broadly: 
1. Temporal and spatial nutrient monitoring demonstrated elevated levels of 
nitrate as nitrogen as well as orthophosphate as phosphorous. These elevated 
concentrations are likely the resultant of high background phosphorous levels 
from the presence of phosphatic Lexington limestone bedrock controls in the 
watershed, as well as legacy stores of anthropogenic nitrogen sourced from 
both agricultural and urban land uses in the soil column.  Elevated nitrate 
concentrations likely also reflect the lack of the karst bedrock to denitrify NO3− − N due to fast transit times of groundwater flow.  
2. Nitrate concentrations varied throughout the year, suggesting the presence of 
seasonal controls, including seasonally dependent anthropogenic inputs such 
as fertilizer application, seasonality of the plant cycles, and wet and dry soil 
conditions of the watershed.  Seasonality of biogeochemical nitrate removal 
processes may also play some seasonal role.  
3. In-stream processing and removal of nitrate was observed in several forms 
within the watershed. Nitrate concentrations exhibited attenuation during low 
flow periods accompanied by diel variations attributed to biological uptake, as 
well as downstream concentration reduction. The combination of these 
observed processes suggests significant potential for nitrate removal within 
the Upper South Elkhorn watershed. 
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4. Repeated nitrate event responses and hysteresis patterns were found to be 
relatively unique among the literature with three end member hysteresis 
results being explained herein. A series of adapted and developed hysteresis 
descriptor metrics allowed for an in depth analysis of parameter event 
responses, yielding insight into watershed event dynamics and 
characterizations of the event end-member decomposition.  
5. A hypothesis proposing the existence of a piston effect mobilizing stored 
water within quick-response groundwater features and streamside springs 
early in hydrologic events resulting in a flush of nitrate replete water within 
the Upper South Elkhorn watershed was developed. Based on the results from 
an end-member mass-balance decomposition, quick-response groundwater 
features and streamside springs have the potential to rapidly transport water 
from dispersed locations in the watershed to the watershed outlet during storm 
events, effectively bypassing or outpacing urban sourced runoff lower in the 
watershed.  
6. Dilution during events and subsequent concentration increases during the 
recessing limb of the event hydrograph indicate a recharge from groundwater 
sources after storm events. Karst features and flowpaths present in the Upper 
South Elkhorn watershed actively facilitate the observed event response 
behavior of nitrate and other parameters within the watershed. 
7. Spatially dispersed watershed features have the potential for exaggerated 
influence with respect to sources, cycling, and export of nutrients from the 
watershed. Spring outlets, agricultural hotspots, and sinks in the stream 
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corridor all exhibit adverse impacts on in-stream nutrient dynamics, whether it 
be as a net input or removal feature.  
8. While both urban and agricultural land uses have the potential to contribute 
elevated nutrient concentrations within the watershed, during baseflow 
conditions, agricultural land uses contribute higher relative concentrations to 
the stream network per land area in the Upper South Elkhorn watershed. 
 The Upper South Elkhorn watershed and similar watersheds in the region exhibit 
the potential for elevated nutrient loadings to be exported due to anthropogenic 
enrichment from both agricultural and urban land uses, posing a continued threat to the 
nation’s surface and drinking waters. This study identified the importance of spatially 
dispersed watershed features and hydrologic events in terms of their potential for elevated 
resulting loadings as well as potential for nutrient removal from the stream network. 
Further work to better understand the hydrological and biogeochemical controls of 
nutrient export is still necessary as it pertains to nutrient concentration remediation 
efforts. 
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Appendices 
Appendix 5.1-A: Sensor Maintenance and Calibration Procedures 
 
Sensor Maintenance 
 
SUNA V2 Nitrate Analyzer 
Although the sensor is built for deployment in severe conditions, it is important to 
clean the sensor before each deployment and weekly (if deployed frequently) or monthly 
to prevent fouling. 
After every deployment: 
1. Attach a clean and lubricated dummy plug and a lock collar to the sensor. 
2. Rinse the sensor with fresh clean water. 
3. Flush the optical area with fresh clean water. 
4. Dry the sensor. Use a soft towel or blow with air. 
5. Put the sensor in the manufacturer-supplied case for transport or storage. 
 
Bulkhead Connectors and Cable Maintenance 
 Examine, clean, and lubricate bulkhead connectors each time they are connected. 
Connectors that are not lubricated cause wear and tear on the rubber that seals the 
connector contacts. 
1. Clean the connector contacts with isopropyl alcohol. Apply as a spray or with a nylon 
brush or lint-free swabs or wipes. 
2. Flush the contacts with de-ionized or distilled water. Use a wash bottle with a nozzle to 
flush inside the sockets. 
3. Shake the socket ends and wipe the pins of the connectors to remove water. 
4. Examine the sockets and the rubber on the pins to make sure there are no problems. 
a. Use a flashlight and magnifying glass. 
b. Look for cracks, frayed scores, and delamination of the rubber on the pins and 
inside     the sockets. 
5. Use a finger to place a small quantity, approximately 1.5 cm in diameter of Dow 
Corning® 4 Electrical Insulating Compound on the socket end of the connector 
6. Use a finger to push as much of the lubricant as possible into the sockets. 
7. Connect the connectors. There should be a small quantity of lubricant pushed to the 
sides of the connectors. 
8. Clean the unwanted lubricant from the sides of the connectors. The connectors are now 
lubricated and the connection is waterproof. 
  
(From Sea-Bird Coastal SUNA V2 User 
Manual) 
 
ROX Optical DO Probe 
When the 6150 sensor is not in field use, it MUST BE STORED IN A MOIST 
ENVIRONMENT, i.e., either in water or in water-saturated air with storage in water 
being preferable. If the sensor membrane is allowed to dry out by exposure to ambient 
air, it is likely to drift slightly at the beginning of your next deployment unless it is 
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rehydrated. Thus, to make the use of the sensor as simple as possible, remember to store 
it WET whenever possible. The easiest storage method is to use the protective plastic cap 
(and enclosed sponge) which was on the probe at receipt. If you have retained this 
cap/sponge, then simply soak the sponge in water and replace the cap on the probe tip. 
Inspect the sponge every 30 days to make sure it is still moist. Alternatively, you can 
remove the probe from the sonde and place it directly in water (making sure that the 
water does not evaporate over time or leave the probe in the sonde and make certain that 
the calibration cup has an atmosphere which is water-saturated by placing approximately 
½ inch of water in the bottom of the cup and then sealing it snugly to the sonde. 
If you inadvertently leave your sensor exposed to ambient air for a period of more 
than approximately 2 hours, you can rehydrate the membrane by the following method: 
(1) Place approximately 400 mL of water in a 600 mL beaker or other similar glass vessel 
– do NOT use plastic vessels – and heat the water on a thermostatted hotplate or in an 
oven so that a consistent temperature of 50+/- 5 C is realized. Place the probe tip 
containing the sensor membrane in the warm water and maintain the elevated temperature 
for approximately 24 hours. Cover the vessel if possible to minimize evaporation. After 
rehydration is complete, store the probe in either water or water-saturated air at room 
temperature prior to calibration and deployment.  
 
Conductivity/ Temperature Probes 
 The openings that allow fluid access to the conductivity electrodes must be 
cleaned regularly. The small cleaning brush included in the 6570 Maintenance Kit is ideal 
for this purpose. Dip the brush in clean water and insert it into each hole 15-20 times. In 
the event that deposits have formed on the electrodes, it may be necessary to use a mild 
detergent with the brush. After cleaning, check the response and accuracy of the 
conductivity cell with a calibration standard.  
 The temperature portion of the probe requires no maintenance. 
 
pH Probes 
 Cleaning is required whenever deposits or contaminants appear on the glass 
and/or platinum surfaces of these probes or when the response of the probe becomes 
slow. 
Remove the probe from the sonde. Initially, simply use clean tap water and a soft 
clean cloth, lens cleaning tissue, or cotton swab to remove all foreign material from the 
glass bulb (6561 and 6565) and platinum button (6561). Then use a moistened cotton 
swab to carefully remove any material that may be blocking the reference electrode 
junction of the sensor. 
CAUTION: When using a cotton swab with the 6561 or 6565, be careful NOT to 
wedge the swab tip between the guard and the glass sensor. If necessary, remove cotton 
from the swab tip, so that the cotton can reach all parts of the sensor tip without stress. 
You can also use a pipe cleaner for this operation if more convenient. DO NOT use 
toothbrush, steel wool, or abrasive cleaners on any glass sensor. 
 
If good pH and/or ORP response is not restored by the above procedure, perform 
the following additional procedure: 
1. Soak the probe for 10-15 minutes in clean tap water containing a few drops of 
259 
 
commercial dishwashing liquid, or enzyme-containing detergent such as Terg-A-
Zyme 
(by Alconox). 
2. GENTLY clean the glass bulb and platinum button by rubbing with a cotton 
swab 
soaked in the cleaning solution. 
3. Rinse the probe in clean tap water, wipe with a cotton swab saturated with 
clean water, 
and then rerinse with clean tap water. 
If good pH and/or ORP response is still not restored by the above procedure, 
perform the following additional procedure: 
1. Soak the probe for 30-60 minutes in one molar (1 M) hydrochloric acid (HCl). 
This 
reagent can be purchased from most distributors. Be sure to follow the safety 
instructions included with the acid. 
2. Rinse the probe in clean tap water, wipe with a cotton swab saturated with 
clean water,and then rerinse with clean tap water. To be certain that all traces 
of the acid are removed from the probe crevices, soak the probe in pH 4 or 7 
buffer for about an hour with occasional stirring. 
If biological contamination of the reference junction is suspected or if good 
response is not restored by the above procedures, perform the following additional 
cleaning step: 
1. Soak the probe for approximately 1 hour in a 1 to 1 dilution of commercially-
availablechlorine bleach. 
2. Rinse the probe with clean tap water and then soak for at least 1 hour in pH 4 
or 7 
buffer with occasional stirring to remove residual bleach from the junction. (If 
possible, soak the probe for period of time longer than 1 hour in order to be 
certain that all traces of chlorine bleach are removed.) Then rerinse the probe 
with clean tap water and retest. 
Dry the sonde port and probe connector with compressed air and apply a very thin 
coat of O-ring lubricant to all O-rings before re-installation. Keep pH probes moist when 
not in use but NEVER store in DI water. 
 
Turbidity 
 The 6026, 6136, 6025, 6131, 6132, and 6130 probes require only minimal 
maintenance. After each deployment, the optical surface on the tip of the turbidity probe 
should be inspected for fouling and cleaned if necessary by gently wiping the probe face 
with moist lens cleaning paper. In addition, for the 6025, 6026, 6136, and 6130 probes, 
we recommended replacing the wiper periodically. The frequency of this replacement 
depends on the quality of water under examination. A replacement wiper is supplied with 
the probes, along with the small hex driver required for its removal and reinstallation. 
Follow the instructions supplied with the probe to ensure proper installation of the new 
wiper assembly. Additional wipers are available from YSI. 
 
(From YSI 6-Series Multiparameter Water Quality Sondes User Manual) 
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Sensor Calibration 
 
SUNA V2 Nitrate Analyzer 
Sensors come from the manufacturer with a default class-based calibration. 
Sensors can have an optional sensor-specific calibration for either fresh water or 
seawater. The user can configure a seawater calibration to be deployed in either fresh 
water or seawater. 
The calibration file is stored in the sensor and includes the coefficients to 
calculate nitrate, as well as a reference spectrum. It is necessary for the user to update the 
reference spectrum as the optical components change over time. The software has a 
wizard to let the user update the reference spectrum at regular intervals or as necessary. 
This procedure adjusts the "zero" nitrate value based on a sample of pure water (ultra 
pure, nano pure, or DI). It is necessary to periodically update the reference spectrum to 
make sure that the sensor collects accurate data. 
 
Update Reference Spectrum 
 The user needs to update the reference spectrum of the SUNA at regular intervals 
so that the data that the sensor collects is accurate. It may also be necessary to update the 
firmware, although that is not required very frequently. 
A calibration file contains the data required to convert a spectral measurement 
into a nitrate concentration. The calibration data are the wavelengths of the spectrum, the 
extinction coefficients of chemical species and a reference spectrum relative to which the 
measurement is interpreted. The sensor can store many calibration files, but only the 
active file has a green background. Push Transfer Files > File Manager, then select the 
Calibration Files tab to see the list of calibration files stored in the sensor. 
Make sure to clean the sensor and the sensor windows at regular intervals and 
before and after every deployment. Monitor the spectral intensity of the lamp. Although 
the intensity will decrease over time, make sure there are no sudden changes. 
Necessary supplies: 
• Power supply 
• PC with software 
• Connector cable for sensor–PC–power supply 
• Clean de-ionized (DI) water 
• Lint-free tissues 
• Cotton swabs 
• Isopropyl alcohol (IPA) 
• Parafilm® wrap 
 
Notes 
• Use only lint-free tissues, OPTO-WIPES™, or cotton swabs to clean the 
optical 
windows. 
• Use the software to update the reference spectrum. 
• Use only clean DI water that has been stored in clean glassware. 
• Use Parafilm® wrap to capture DI water in the optical area of the sensor. 
Do not use cups, a bucket, or a tank to collect a reference sample. 
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1. Clean the sensor: 
a. Flush the sensor and the optical area with clean water to remove debris and 
saltwater. 
b. Clean the metal parts external to the optical area so that the Parafilm® will 
seal. 
2. If the sensor has a wiper, carefully move it away from the optical area. 
3. Cut and stretch a length of approximately 40 cm (16 in.) of Parafilm®. 
4. Wind several layers of the Parafilm® around the metal near the optical area. 
5. Break a small hole in the top of the Parafilm® and fill the optical area with DI water. 
6. Supply power to the sensor and use the software to operate the sensor in "Continuous" 
mode. 
7. Start the sensor and collect 1 minute of data. 
8. Record the measurement value. This is a "dirty" measurement to record the value when 
there are biofouling and blockages in the optical area. 
9. Stop the sensor. 
10. Remove the Parafilm® and drain the water from the optical area. 
11. Clean the optical area: 
a. Use DI water or IPA and cotton swabs and lint-free tissues to clean the 
windows. 
b. Use vinegar to clean debris such as barnacles. Be careful that the windows do 
not get 
scratches. 
12. Flush the optical area with DI water to remove any remaining IPA or vinegar. 
13. Wind Parafilm® around the metal near the optical area. 
14. Break a small hole in the top of the Parafilm® and fill the optical area with fresh DI 
water. 
15. Supply power to the sensor and use the software to operate the sensor in 
"Continuous" mode. 
16. Start the sensor and collect 1 minute of data. 
17. Record the measurement value. This measurement shows any sensor "drift" or change 
in the lamp output. 
18. Stop the sensor. 
19. Remove the Parafilm® and drain the water from the optical area. 
20. Flush the optical area with DI water. 
21. Wind Parafilm® around the metal near the optical area. 
22. Break a small hole in the top of the Parafilm® and fill the optical area with fresh DI 
water. 
23. Supply power to the sensor and use the software to operate the sensor in 
"Continuous" mode. 
24. Start the sensor and collect 1 minute of data. 
25. Record the measurement value. 
26. Use the software to update the reference spectrum. 
a. Go to the Sensor menu, and then select Update Calibration. 
b. Do the steps in the Calibration Wizard to update the reference spectrum. 
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27. If the measurement is ±2 μM (0.028 mgN/L) from the manufacturer-supplied 
reference (±5 μM [0.056 mgN/L] for a 5 mm pathlength sensor), the sensor is within the 
specification. If the measurement is not within these specifications, do this procedure 
from step 9 until the measurement is within specification. 
 
(From Sea-Bird Coastal SUNA V2 User Manual) 
 
Turbidity probe calibration 
Acceptable standards for use with the YSI turbidity probe are detailed in Standard 
Methods for the Treatment of Water and Wastewater (Section 2130B).  YSI 6073G is a 
123NTU Formazin standard purchased from Fondriest.  Two point calibration is used in 
which the zero point is Deionized organic free water and the second point is the 123 NTU 
standard. Calibration steps are: 
1. Open up the Ecowatch software to perform the calibration. 
2. Select the 2-point option to calibrate the turbidity probe using only two calibration 
standards (One clear water-0 NTU, One formazin standard 123 NTU). 
3. Immerse the sonde in the 0 NTU standard and press enter. 
4. The screen will display real-time readings that will allow determination of reading 
stabilization. 
5. Pressing enter will confirm the first calibration. 
6. Place the sonde in the second turbidity standard and input the correct turbidity 
value in NTU and press enter. 
7. After the readings have stabilized press enter to confirm the calibration (make sure 
to record the value that the probe stabilized at for both calibration points). 
 
Conductivity probe calibration 
This procedure calibrates conductivity, specific conductance, salinity, and total 
dissolved solids. Place the correct amount of 10 mS/cm conductivity standard (YSI 3163 
is recommended) into a clean, dry or pre-rinsed calibration cup. 
Before proceeding, ensure that the sensor is as dry as possible. Ideally, rinse the 
conductivity sensor with a small amount of standard that can be discarded. Be certain that 
you avoid cross-contamination of standard solutions with other solutions. Make certain 
that there are no salt deposits around the oxygen and pH/ORP probes, particularly if you 
are employing standards of low conductivity. 
Carefully immerse the probe end of the sonde into the solution. Gently rotate 
and/or move the sonde up and down to remove any bubbles from the conductivity cell. 
The probe must be completely immersed past its vent hole. Using the recommended 
volumes from the table in the previous subsection should insure that the vent hole is 
covered. Allow at least one minute for temperature equilibration before proceeding. 
From the Calibrate menu, select Conductivity to access the Conductivity 
calibration procedure and then 1-SpCond to access the specific conductance calibration 
procedure. Enter the calibration value of the standard you are using (mS/cm at 25 C) and 
press Enter. The current values of all enabled sensors will appear on the screen and will 
change with time as they stabilize. 
Observe the readings under Specific Conductance or Conductivity and when they 
show no significant change for approximately 30 seconds, press Enter. The screen will 
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indicate that the calibration has been accepted and prompt you to press Enter again to 
return to the Calibrate menu. Rinse the sonde in tap or purified water and dry the sonde. 
NOTE: The YSI conductivity system is very linear over its entire 0-100 mS/cm 
range. 
Therefore, it is usually not necessary to use calibration solutions other than the 10 
mS/cm 
reagent recommended above for all environmental applications from low 
conductivity 
freshwater to seawater. YSI does offer the 3161 (1 mS/cm) and 3165 (100 
mS/cm) 
conductivity standards for users who want to assure maximum accuracy at the 
high and 
low ends of the sensor range. Users of the 1 mS/cm standard should be 
particularly 
careful to avoid contamination of the reagent. In fact, because of contamination 
issues, 
YSI does not recommend using standards less than 1 mS/cm. 
NOTE: For calibration of the 600 OMS V2-1conductivity sensor, the optical 
probe must 
be removed and the port plugged. See specific instructions in the application note 
supplied with the 600 OMS V2-1. 
 
pH probe calibration 
Using the correct amount of pH 7 buffer standard in a clean, dry or pre-rinsed 
calibration cup, carefully immerse the probe end of the sonde into the solution. Allow at 
least 1 minute for temperature equilibration before proceeding. 
From the Calibrate menu, select ISE1 pH to access the pH calibration choices and 
then press 2- 2-Point. Press Enter and input the value of the buffer at the prompt. 
 
NOTE: The actual pH value of all buffers is somewhat variable with temperature 
and 
that the correct value from the bottle label for your calibration temperature should 
be 
entered for maximum accuracy. For example, the pH of YSI “pH 7 Buffer” is 
7.00 at 25 
C, but 7.02 at 20 C. 
 
After entering the correct pH value of the buffer, press Enter and the current 
values of all enabled sensors will appear on the screen and change with time as they 
stabilize in the solution. Observe the readings under pH and when they show no 
significant change for approximately 30 seconds, press Enter. The display will 
indicate that the calibration is accepted. 
After the pH 7 calibration is complete, press Enter again, as instructed on the 
screen, to continue. Rinse the sonde in water and dry the sonde before proceeding to the 
next step. 
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Using the correct amount (see Tables 1-8) of an additional pH buffer standard into 
a clean, dry or prerinsed calibration cup, carefully immerse the probe end of the sonde 
into the solution. Allow at least 1 minute for temperature equilibration before proceeding. 
Press Enter and input the correct value of the second buffer for your calibration 
temperature at the prompt. Press Enter and the current values of all enabled sensors will 
appear on the screen and will change with time as they stabilize in the solution. Observe 
the readings under pH and when they show no significant change for approximately 30 
seconds, press Enter. After the second calibration point is complete, press Enter again, 
as instructed on the screen, to return to the Calibrate menu. Rinse the sonde in water and 
dry. Thoroughly rinse and dry the calibration containers for future use. 
 
NOTE: The majority of environmental water of all types has a pH between 7 and 
10. 
Therefore, unless you anticipate a pH of less than 7 for your application, YSI 
recommends a two point calibration using pH 7 and pH 10 buffers. 
 
DO probe calibration 
ROX Optical  
Place the sensor either (a) into a calibration cup containing about 1/8 inch of 
water which is vented by loosening the threads or (b) into a container of water which is 
being continuously sparged with an aquarium pump and air stone. Wait approximately 10 
minutes before proceeding to allow the temperature and oxygen pressure to equilibrate. 
Select ODOsat % and then 1-Point to access the DO calibration procedure. 
Calibration of your Optical dissolved oxygen sensor in the DO % procedure also results 
in calibration of the DO mg/L mode and vice versa. Enter the current barometric pressure 
in mm of Hg. (Inches of Hg x 25.4 = mm Hg). 
Note: Laboratory barometer readings are usually “true” (uncorrected) values of air 
pressure and can be used “as is” for oxygen calibration. Weather service readings 
are 
usually not “true”, i.e., they are corrected to sea level, and therefore cannot be 
used until 
they are “uncorrected”. An approximate formula for this “uncorrection” (where 
the BP 
readings MUST be in mm Hg) is: 
 
True BP = [Corrected BP] – [2.5 * (Local Altitude in ft above sea level/100)] 
 
Press Enter and the current values of all enabled sensors will appear on the screen 
and change with time as they stabilize. Observe the readings under ODOsat %. When 
they show no significant change for approximately 30 seconds, press Enter. The screen 
will indicate that the calibration has been accepted and prompt you to press Enter again 
to return to the Calibrate menu. Rinse the sonde in water and dry the sonde. 
 
(From YSI 6-Series Multiparameter Water Quality Sondes User Manual) 
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Appendix 5.2-A: Spatial Sampling Schedule of Activities 
 
October 2017: 
• October 30th, 2017: Monthly Sampling Run 1 
• October 31st, 2017: Monthly Sampling Run 1 Samples Delivered to KGS Lab 
 
November 2017: 
• November 13th, 2017: Monthly Sampling Run 1 Analysis Performed, Data 
Received from KGS Lab, Database Entry Completed 
• November 15th, 2017: Monthly Sampling Run 1 TSS Analysis Performed, 
Database Entry Completed 
• November 24th, 2017: Field Equipment Calibrated 
• November 27th, 2017: Monthly Sampling Run 2 
• November 28th, 2017: Monthly Sampling Run 2 Samples Delivered to KGS Lab 
 
December 2017: 
• December 5th, 2017: Monthly Sampling Run 2 Analysis Performed, Data   
             Received from KGS Lab, Database Entry Completed 
• December 6th, 2017: Monthly Sampling Run 2 TSS Analysis Performed,   
             Database Entry Completed 
• December 15th, 2017: Field Equipment Calibrated 
• December 18th, 2017: Monthly Sampling Run 3  
    Monthly Sampling Run 3 Samples Delivered to KGS Lab 
• December 21st, 2017: Sampling Run 3 Analysis Performed, Data Received from  
   KGS Lab, Database Entry Completed 
 
January 2018: 
• January 18th, 2018: Monthly Sampling Run 3 TSS Analysis Performed, Database  
          Entry Completed 
• January 19th, 2018: Field Equipment Calibrated 
• January 22nd, 2018: Monthly Sampling Run 4 
• January 23rd, 2018: Monthly Sampling Run 4 Samples Delivered to KGS Lab 
• January 31st, 2018: Sampling Run 4 Analysis Performed, Data Received from               
         KGS Lab, Database Entry Completed 
 
February 2018: 
• February 15th, 2018: Field Equipment Calibrated 
• February 16th, 2018: Monthly Sampling Run 5 / Event Sampling Run 1 
• February 19th, 2018: Monthly Sampling Run 5 / Event Sampling Run 1 Samples  
            Delivered to KGS Lab 
• February 22nd-25th, 2018: Event Sampling Run 2 
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• February 26th, 2018: Event Sampling Run 2 Samples Delivered to KGS Lab 
 
March 2018: 
• March 1st, 2018: Monthly Sampling Run 5 / Event Sampling Run 1 TSS Analysis  
                 Performed, Database Entry Completed  
• March 2nd, 2018: Field Equipment Calibrated 
• March 5th, 2018: Monthly Sampling Run 6  
       Monthly Sampling Run 5 / Event Sampling Run 1 Analysis  
       Performed, Data Received from KGS Lab, Database Entry  
       Completed 
• March 6th, 2018: Monthly Sampling Run 6 Samples Delivered to KGS Lab 
• March 7th, 2018: Monthly Sampling Run 4 TSS Analysis Performed, Database  
      Entry Completed 
       Monthly Sampling Run 6 TSS Analysis Performed, Database  
       Entry Completed 
• March 8th, 2018: Event Sampling Run 2 Analysis Performed, Data Received from 
      KGS Lab, Database Entry Completed 
• March 15th, 2018: Monthly Sampling Run 6 Analysis Performed, Data Received  
        from KGS Lab, Database Entry Completed 
• March 29th, 2018: Monthly Sampling Run 6 Analysis Performed, Data Received  
        from EKU Lab, Database Entry Completed 
 
April 2018: 
• April 5th, 2018: Field Equipment Calibrated 
• April 6th, 2018: Monthly Sampling Run 7 
• April 9th, 2018: Monthly Sampling Run 7 Samples Delivered to KGS Lab 
• April 10th, 2018: Monthly Sampling Run 7 TSS Analysis Performed, Database  
      Entry Completed  
• April 12th, 2018: Monthly Sampling Run 7 Analysis Performed, Data Received  
      from KGS Lab, Database Entry Completed 
 
May 2018: 
• May 3rd, 2018: Field Equipment Calibrated 
• May 4th, 2018: Monthly Sampling Run 8 
• May 7th, 2018: Monthly Sampling Run 8 Samples Delivered to KGS Lab 
• May 11th, 2018: Monthly Sampling Run 8 Analysis Performed, Data Received  
     from KGS Lab, Database Entry Completed  
• May 15th, 2018: Monthly Sampling Run 8 TSS Analysis Performed, Database  
     Entry Completed 
• May 22nd, 2018: Field Equipment Calibrated 
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• May 23rd, 2018: Monthly Sampling Run 9 
     Monthly Sampling Run 9 TSS Analysis Performed, Database  
     Entry Completed 
• May 24th, 2018: Monthly Sampling Run 9 Samples Delivered to KGS Lab 
• May 25th, 2018: Monthly Sampling Run 9 Analysis Performed, Data Received  
     from KGS Lab, Database Entry Completed 
 
June 2018: 
• June 29th, 2018: Field Equipment Calibrated 
 
July 2018: 
• July 2nd, 2018: Monthly Sampling Run 10 
• July 3rd, 2018: Monthly Sampling Run 10 Samples Delivered to KGS Lab 
   Monthly Sampling Run 10 TSS Analysis Performed, Database  
   Entry Completed 
• July 9th, 2018: Monthly Sampling Run 9 Analysis Performed, Data Received from 
  KGS Lab, Database Entry Completed 
• July 31st, 2018: Field Equipment Calibrated 
 
August 2018: 
• August 1st, 2018: Monthly Sampling Run 11 
      Monthly Sampling Run 11 TSS Analysis Performed, Database  
      Entry Completed 
• August 2nd, 2018: Monthly Sampling Run 11 Samples Delivered to KGS Lab 
• August 9th, 2018: Monthly Sampling Run 11 Analysis Performed, Data Received  
      from KGS Lab, Database Entry Completed 
 
September 2018: 
• September 3rd, 2018: Field Equipment Calibrated 
• September 4th, 2018: Monthly Sampling Run 12 
• September 5th, 2018: Monthly Sampling Run 12 Samples Delivered to KGS Lab 
• September 6th, 2018: Monthly Sampling Run 12 TSS Analysis Performed,  
            Database Entry Completed 
• September 9th, 2018: Event Sampling Run 3  
• September 10th, 2018: Event Sampling Run 3 Samples delivered to KGS Lab 
• September 13th, 2018: Monthly Sampling Run 12 Analysis Performed, Data  
   Received from KGS Lab, Database Entry Completed 
   Event Sampling Run 3 Analysis Performed, Data Received  
   from KGS Lab, Database Entry Completed 
• September 18th, 2018: Event Sampling Run 3 TSS Analysis Performed, Database  
   Entry Completed 
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October 2018:  
• October 1st, 2018: Field Equipment Calibrated 
• October 2nd, 2018: Monthly Sampling Run 13 
• October 3rd, 2018: Monthly Sampling Run 13 Samples Delivered to KGS Lab 
• October 4th, 2018: Monthly Sampling Run 13 TSS Analysis Performed, Database  
        Entry Completed 
• October 8th, 2018: Monthly Sampling Run 13 Analysis Performed, Data Received 
        from KGS Lab, Database Entry Completed 
 
Appendix 5.2-B: Total Phosphorus in Water 
 
1.  Discussion                                                               MDL= 0.02 as of 5/2002 
Principle 
Separation into total dissolved and total recoverable forms of phosphorus depends on filtration of 
the water sample through a 0.45 µm membrane filter.  Total recoverable phosphorus includes all 
phosphorus forms when the unfiltered, shaken sample is heated in the presence of sulfuric acid and 
ammonium peroxydisulfate. Total dissolved phosphorus includes all phosphorus forms when the 
filtered, shaken sample is heated in the presence of sulfuric acid and ammonium peroxydisulfate. 
Phosphorus is converted to orthophosphate by digesting the water sample with ammonium 
persulfate and diluted sulfuric acid.  Ammonium molybdate and antimony potassium tartrate can 
then react in an acid medium with dilute solutions of orthophosphate to form an antimony-
phosphate-molybdate complex.  This complex is reduced to an intensely blue-colored complex by 
ascorbic acid.  The color intensity is proportional to the phosphorus concentration. 
 
Sensitivity 
The range of determination for this method is 0.05 mg/L to 1.00 mg/L P. 
 
Interferences 
Ferric iron must exceed 50 mg/L, copper 10 mg/L, or silica 10 mg/L, before causing an 
interference.  Higher silica concentrations cause positive interferences over the range of the test, as 
follows: results are high by 0.005 mg/L of phosphorus for 20 mg/L of SiO2, 0.015 mg/L of 
phosphorus for 50 mg/L, and 0.025 mg/L of phosphorus for 100 mg/L.  Because arsenic and 
phosphorus are analyzed similarly, arsenic can cause an interference if its concentration is higher 
than that of phosphorus.  
 
Sample Handling and Preparation 
Samples should be preserved only by refrigeration at 4 °C.  A raw sample should be used in the 
analysis.  The holding time for this analysis is 28 days. 
 
 2.  Safety 
Safety glasses, gloves, and a lab coat should be worn while performing this analysis due to the use 
of, and possible exposure to, strong acids and bases. 
 
 3.  Apparatus 
Varion 50 Spectroscopy system 
Filtration Apparatus 
 Coors 60242 Büchner funnels. 
 Suction flasks, connected in series to a vacuum system. 
Reservoir for the filtrate, 500 mL. 
Trap which prevents liquid from entering the vacuum system, 1000 mL 
Paper filters—7.5 cm, 1 µm.  (VWR Cat. # 28321-005) 
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Analytical balance, capable of weighing to the nearest 0.0001 g. 
Drying oven. 
Desiccator. 
Thermix Stirring Hot Plate—Model 610T 
 
HCl Acid washed glassware—Refer to the “Total P” section of the Glassware GLP for further  
 details.  Commercial detergents should never used.  Glassware should be dedicated for  
 Total P use only. 
6 ½ oz. Disposable polystyrene specimen cups—Cups should be rinsed three times with DI water. 
4.  Reagents 
Purity of Reagents—Reagent grade chemicals shall be used in all tests. Unless otherwise  
               indicated, all reagents shall conform to the specifications of the Committee on Analytical  
               Reagents of the American Chemical Society. Other grades may be used, provided it is    
               first ascertained that the reagent is sufficiently high in purity to permit its use without  
  lessening the accuracy of the determinations. 
Purity of Water—Unless otherwise indicated, references to water shall be understood to mean  
 Type I reagent grade water (Milli Q Water System) conforming to the requirements in  
 ASTM Specification D1193. 
Ammonium Peroxydisulfate—Place 20 g of ammonium peroxydisulfate in a 50 mL volumetric 
               flask.  Dilute with water to volume.  Add a magnetic stirrer to the flask and let the   
 solution stir until all the crystals have dissolved (minimum of 20 minutes).  Prepare 
daily. 
                              ( enough for 30 beakers total ) 
Solution Mixture—Dissolve 0.13 g of antimony potassium tartrate and 5.6 g of ammonium  
 molybdate in approximately 700 mL of water.  Cautiously add 70 mL of concentrated  
 sulfuric acid.  Allow the solution to cool and dilute to 1 liter.  The solution must be kept 
              in a polyethylene bottle away from heat.  This solution is stable for one year. 
Combined Reagent—Dissolve 0.50 g solid ascorbic acid in 100 mL of solution mixture.  Prepare  
 daily. 
Phenolphthalein indicator solution—Dissolve 0.5 g of phenolphthalein in a mixture of 50 mL  
 isopropyl alcohol and 50 mL water. 
Sulfuric acid (31 + 69)—Slowly add 310 mL of concentrated H2SO4 to approximately 600 mL of  
 water.  Allow solution to cool and dilute to 1 liter. 
Sodium Hydroxide, 10 N—Dissolve 400 g of NaOH in approximately 800 mL of water.  Allow  
 solution to cool and dilute to 1 liter. 
Sodium Hydroxide, 1 N—Dissolve 40 g of NaOH in approximately 800 mL of water.  Allow 
solution  
 to cool and dilute to 1 liter. 
Phosphorus stock solution (50 mg/L)—Dissolve 0.2197 g of predried (105 °C for one hour)  
              KH2PO4 in water and dilute to 1 liter.  Prepare daily. 
Phosphorus stock (PURCHASED 1000mg/L )  (50 mg/L) – 5 mls of stock in 500ml volumetric 
flask dilute to the 500mls makes the 50ppm standard stock solution. 
Phosphorus standard solution (2.5 mg/L)—Dilute 50 mL of the stock solution to exactly 1 liter of  
 water.  Prepare daily. 
 
Blank—reagent grade water. 
Total phosphorus stock QC solution—Using a commercially available Quality Control solution,  
 dilute to desired range and record manufactures name, lot #, and date. 
Quality control sample—Dilute total P stock solution so that QC value falls midway in analysis  
 working range (0.05-1.00 ppm).  Using 6.11 ppm QC stock solution, dilute 25 mL of  
               Total Phosphorous stock solution to 500 mL resulting in a concentration of 0.306 ppm. 
Acid for glassware-Carefully add 250 mL of concentrated hydrochloric acid to approximately 600 
               ml of water.  Dilute to 1 liter. 
 
5. Procedure 
A. Prepare the spectrophotometer by turning on the lamp and allowing it to warm up for at least   
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         one hour.  See the Spectrophotometer GLP for a detailed listing of necessary computer     
         commands. 
 
         B.      Standards Prep 
1. Prepare a series of phosphorus standards from the 2.5 mg/L phosphorus standard    
        solution according to the following table.  Dilute each to 50 mL with water. 
 
                   Volume of phosphorus standard, mL                      Standard concentration, ppm 
1 0.05 
2 0.10 
                  4                       0.20 
7 0.35  
                                            10                                                                       0.50 
                                            15                                                                       0.75 
                                            20                                                                       1.00 
 2.     Prepare all standards daily. 
 
         C.    Sample Prep 
1. Pour 50 mL of each of the two blanks, standards, samples, duplicates, and Total P QC’s       
        into 100 mL glass beakers.  Add 3  glass boiling beads to each beaker. 
2. Mark beakers at top of liquid with a Sharpie. 
3. Add 1 mL of ammonium peroxydisulfate solution and 1 mL of H2SO4 (31+69) to each 
marked beaker. 
4. Place beakers on the large hot plates that are located in the hood. 
5. Set temps towards high end to get liquid to evaporate at boiling to almost boiling. 
6. Let each sample (blank, standard, duplicate, or QC) stay on the hot plate until its volume 
decreases to ≈ 10 mL. This process takes approximately 1 to 1 ½ hours.  Do not allow the 
samples to completely evaporate. 
7. Allow each sample to cool in the hood. 
8. Add a drop of phenolphthalein indicator solution to each sample. 
9. Add 1 mL of 10 N NaOH to each sample. 
10. Continue adjusting the pH’s by adding 1 N NaOH until each sample becomes faint pink 
in color.  The pH is approximately 10 at this point. 
11. Bring samples back to colorless by using Pasteur pipettes to add drops of 1 N H2SO4 to 
each sample.  The pH is approximately 4 at this point. 
12. Bring each sample’s volume back up to the mark with water with Milli-Q water. 
13.   Filter each of the samples using the acid washed ceramic funnels and 1 µm paper filters. 
               14.   Pour 25 mL of each sample into its corresponding 4 ½ oz. plastic beaker or use the rinsed   
beakers that samples prepped in. 
               15.   Add 5 mL of combined reagent to the sample and mix thoroughly. 
               16.   After a minimum of 10 minutes, but no longer than 30 minutes, measure the absorbance 
                        of the blue color at 880 nm with the spectrophotometer. 
 
         D.    Sample Analysis     
1. The computer, by comparing the concentration of each calibration standard against its   
absorbance, can plot a calibration curve.  The correlation coefficient  must be > 0.994 to 
be acceptable.  If above criteria is not met the standards may need to be remade and 
rerun. 
2. Once the spectrophotometer is standardized properly, the samples may be analyzed. 
3. Once the analysis is completed, print out a copy of the standard values, plotted curve, and 
the sample values.  Copy the relevant data onto the Total Phosphorous Data Sheet. 
 
E.    Clean Up   
1. Turn off the spectrophotometer lamp. 
2. The waste must be placed in the acid waste container. 
3. For glassware clean up, refer to the “Total P” section of the Glassware GLP. 
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6.  Quality Control 
A quality control sample should be run at the beginning and end of each sample 
delivery group (SDG) or at the frequency of one per every ten samples.  The QC’s value should 
fall between ± 10 % of its theoretical concentration. 
 
A duplicate analysis should be run for each SDG or at the frequency of one per every twenty 
samples, whichever is greater.  The RPD (Relative Percent Difference) should be less than 10%.  
If this difference is exceeded, the duplicate must be reanalyzed. 
 
From each pair of duplicate analytes (X1 and X2), calculate their RPD value: 
 
 
                     where: 
                  (X1 - X2) means the absolute difference between X1 and X2. 
 
7.  Method Performance 
The method detection limit (MDL) should be established by determining seven replicates that are 
2 to 5 times the instrument detection limit.  The MDL is defined as the minimum concentration 
that can be measured and reported with 99% confidence that the analyte concentration is greater 
than zero and is determined from analysis of a sample in a given matrix containing the analyte.  
 
            
                     where: 
     t = the t statistic for n number of replicates used (for n=7, t=3.143) 
     n = number of replicates 
     S = standard deviation of replicates 
8.  References 
ASTM vol. 11.01 (1996), D 515, “Standard Test Methods for Phosphorus in Water”, pg. 24  
ASTM vol. 11.01 (1996), D 1193, “ Specification for Water”, pg. 116 
 EPA 365.2         Phosphorous , All Forms (Colorimetric, Ascorbic Acid) 
 
Appendix 5.2-C: Ion Chromatography of Water 
 
1.  Discussion 
Principle 
This method addresses the sequential determination of the following inorganic anions:  bromide, 
chloride,  fluoride, nitrate, Kjeldahl nitrogen, total nitrogen and sulfate.  A small volume of water 
sample is injected into an ion chromatograph to flush and fill a constant volume sample loop.  The 
sample is then injected into a stream of carbonate-bicarbonate eluent.  The sample is pumped 
through three different ion exchange columns and into a conductivity detector.  The first two 
columns, a precolumn (or guard column), and a separator column, are packed with low-capacity, 
strongly basic anion exchanger.  Ions are separated into discrete bands based on their affinity for 
the exchange sites of the resin.  The last column is a suppressor column that reduces the 
background conductivity of the eluent to a low or negligible level and converts the anions in the 
sample to their corresponding acids.  The separated anions in their acid form are measured using 
an electrical conductivity cell.  Anions are identified based on their retention times compared to 
known standards.  Quantitation is accomplished by measuring the peak area and comparing it to a 
calibration curve generated from known standards. 
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Sensitivity 
Ion Chromatography values for anions ranging from 0 to approximately 40 mg/L can be measured 
and greater concentrations of anions can be determined with the appropriate dilution of sample 
with deionized water to place the sample concentration within the working range of the calibration 
curve. 
 
Interferences 
Any species with retention time similar to that of the desired ion will interfere.  Large quantities of 
ions eluting close to the ion of interest will also result in interference.  Separation can be improved 
by adjusting the eluent concentration and /or flow rate.  Sample dilution and/or the use of the 
method of Standard Additions can also be used.  For example, high levels of organic acids may be 
present in industrial wastes, which may interfere with inorganic anion analysis.  Two common 
species, formate and acetate, elute between fluoride and chloride.  The water dip, or negative peak, 
that elutes near, and can interfere with, the fluoride peak can usually be eliminated by the addition 
of the equivalent of 1 mL of concentrated eluent (100X) to 100 mL of each standard and sample.  
Alternatively, 0.05 mL of 100X eluent can be added to 5 mL of each standard and sample.   
 
Because bromide and nitrate elute very close together, they can potentially interfere with each 
other.  It is advisable not to have Br-/NO3- ratios higher than 1:10 or 10:1 if both anions are to be 
quantified.  If nitrate is observed to be an interference with bromide, use of an alternate detector 
(e.g., electrochemical detector) is recommended. 
 
Method Interferences may be caused by contaminants in the reagent water, reagents, glassware, 
and other sample processing apparatus that lead to discrete artifacts or elevated baseline in ion 
chromatograms. Samples that contain particles larger than 0.45 micrometers and reagent solutions 
that contain particles larger than 0.20 micrometers require filtration to prevent damage to 
instrument columns and flow systems. If a packed bed suppressor column is used, it will be slowly 
consumed during analysis and, therefore, will need to be regenerated.  Use of either an anion fiber 
suppressor or an anion micro-membrane suppressor eliminates the time-consuming regeneration 
step by using a continuous flow of regenerant. 
 
Because of the possibility of contamination, do not allow the nitrogen cylinder to run until it is 
empty.  Once the regulator gauge reads 100 kPa, switch the cylinder out for a full one.  The old 
cylinder should them be returned to room #19 for storage until the gas company can pick it up.  
Make sure that the status tag marks the cylinder as “EMPTY”. 
 
Sample Handling and Preservation 
Samples should be collected in glass or plastic bottles that have been thoroughly cleaned and 
rinsed with reagent water.  The volume collected should be sufficient to ensure a representative 
sample and allow for replicate analysis, if required.  Most analytes have a 28 day holding time, 
with no preservative and cooled to 4oC.  Nitrite, nitrate, and orthophosphate have a holding time of 
48 hours.  Combined nitrate/nitrite samples preserved with H2SO4 to a pH <2 can be held for 28 
days; however, pH<2 and pH>12 can be harmful to the columns.  It is recommended that the pH 
be adjusted to pH>2 and pH<12 just prior to analysis.  
 
Note:  Prior to analysis, the refrigerated samples should be allowed to equilibrate 
 to room temperature for a stable analysis. 
 
2.  Apparatus 
Dionex DX500  
Dionex CD20 Conductivity Detector 
Dionex GP50 Gradient Pump  
Dionex Eluent Organizer 
Dionex AS40 Automated Sampler  
Dionex ASRS-Ultra Self-Regenerating Suppressor 
Dionex Ionpac Guard Column (AG4A, AG9A, or AG14A) 
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Dionex Ionpac Analytical Column (AS4A, AS9A, or AS14A) 
Dionex Chromeleon 6.8 Software Package 
Dionex 5 mL Sample Polyvials and Filter Caps 
2 L Regenerant Bottles 
5 mL Adjustable Pipettor and Pipettor Tips 
1 mL Adjustable Pipettor and Pipettor Tips 
A Supply of Volumetric Flasks ranging in size from 25 mL to 2 L 
A Supply of 45 micrometer pore size Cellulose Acetate Filtration Membranes 
A Supply of 25x150 mm Test Tubes 
Test Tube Racks for the above 25x150 mm Test Tubes 
Gelman 47 mm Magnetic Vacuum Filter Funnel, 500 mL Vacuum Flask, and a Vacuum Supply 
 
3.  Reagents 
Purity of Reagents—HPLC grade chemicals (where available) shall be used in all reagents for Ion  
 Chromatography, due to the vulnerability of the resin in the columns to organic and trace  
 metal contamination of active sites.  The use of lesser purity chemicals will degrade the  
 columns. 
Purity of Water—Unless otherwise indicated, references to water shall be understood to mean  
 Type I reagent grade water (Milli Q Water System) conforming to the requirements in  
 ASTM Specification D1193. 
Eluent Preparation for SYSTEM2 NITRATE Methods, including Bromides (using AG4, AG4 
               and AS4 columns)—All chemicals are predried at 105° C for 2 hrs then stored in the 
              desiccator. Weigh out 0.191 g of sodium carbonate (Na2CO3) and 0.286 g of sodium 
              bicarbonate (NaHCO3) and dissolve in water.  System 2 (the chromatography module that 
              contains the AG4, AG4, and AS4 Dionex columns) to be sparged, using helium, of all 
              dissolved gases before operation. 
Eluent Preparation for SYSTEM2 NITRATE (F) Method (using AG14 and AS14 columns)— 
 Weigh out 0.3696 g of sodium carbonate (Na2CO3) and 0.080 g of sodium bicarbonate  
(NaHCO3) and dissolve in water.  Bring the volume to 1000 mL and place the eluent in 
the System 1 bottle marked for this eluent concentration.  The eluent must be sparged 
using  helium as in the above reagent for System 2. 
Eluent Preparation for SYSTEM2 TKN (TKN) Methods, including Total Nitrogen (using AG4A,   
               AG4A, and AS4A  columns)—Weigh out 0.191 g of sodium carbonate (Na2CO3) and  
              0.143 g of sodium bicarbonate (NaHCO3)  and dissolve in water.  Bring the volume up to 
              1000 ml and place in the System 2 bottle labeled “IC-TKN 0.191/0.143”.  Sparge the 
              eluent as in the above reagent for System 2. 
100X Sample Spiking Eluent—prepared by using the above carbonate/bicarbonate ratios, but  
 increasing the concentration 100X.  Weigh out 1.91 g of Na2CO3 and 2.86 g of NaHCO3  
into a 100 mL volumetric flask.  0.05 mL of this solution is added to 5 mL of all samples 
and standards to resolve the water dip associated with the fluoride peak. 
Stock standard solutions, 1000 mg/L (1 mg/mL):  Stock standard solutions may be purchased  
(SPEX) as certified solutions or prepared from ACS reagent grade materials (dried at 
105o C for 30 minutes 
Calibration Standards—for the SYSTEM2 NITRATE (except Bromide) methods are prepared as  
 follows:  
1. Calibration Standard 1:  Pipette 0.1 mL of 1000 mg/L NaNO3 stock standard, 0.1 mL of 
1000 mg/L NaF stock standard, 2 mL of 1000 mg/L NaCl stock standard, and 10 mL of 
1000 mg/L K2SO4 stock standard into a 1000 mL volumetric flask partially filled with 
water, then  fill to volume. 
2. Calibration Standard 2:  Pipette 0.5 mL of 1000 mg/L NaNO3 stock standard, 0.5 mL of 
1000 mg/L NaF stock standard, 5 ml of 1000 mg/L NaCl stock standard, and 20 mL of 
1000 mg/L K2SO4 stock standard into a 1000 mL volumetric flask, partially filled with 
water, then  fill to volume. 
3. Calibration Standard 3:  Pipette 2.5 mL of 1000 mg/mL NaNO3 stock standard, 2.5 mL of 
1000 mg/L NaF stock standard, 10 mL of 1000 mg/L NaCl stock standard, and 40 mL of 
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1000 mg/L K2SO4 stock standard into a 1000 mL volumetric flask partially filled with 
deionized  water, then fill to volume. 
4. Quality Control Sample:  Pipette 1.0 mL of 1000 mg/L  NaNO3 stock solution, 1.0 mL of 
1000 mg/L NaF stock solution, 8 mL of 1000 mg/L NaCl stock solution, and 30 mL of 
mg/L K2SO4 stock standard into a 1000 mL volumetric flask, partially filled with water, 
then  fill to volume. 
Calibration Standards—for the SYSTEM2 NITRATE  (Fluoride) method are prepared as  
                            follows: 
1. Calibration Standard 1:  Pipette 0.01 mL of 1000  mg/L NaF stock standard into a 1000 
mL volumetric flask partially filled with water, then fill to volume. 
2. Calibration Standard 2:  Pipette 0.05 mL of 1000 mg/L NaF stock standard into a 1000 mL 
volumetric flask partially filled with water, then fill to volume. 
3. Calibration Standard 3:  Pipette 0.1 mL of 1000 mg/mL NaF stock standard into a 1000 
mL volumetric flask partially filled with water, then fill to volume. 
4. Calibration Standard 4:  Pipette 0.5 mL of 1000 µg/mL NaF stock standard into a 1000 
mL volumetric flask partially filled with water, then fill to volume. 
5. Calibration Standard 5:  Pipette 1.0 mL of 1000 mg/L 1000 stock standard into a 1000 mL 
volumetric flask partially filled with water, then fill to volume. 
6. Quality Control Standard:  Pipette 0.1 mL of 1000 mg/L NaF from a separate source stock 
standard into a 1000 mL volumetric flask partially filled with water, then fill to volume. 
7. Quality Control Standard:  Pipette 0.4 mL of 1000 mg/L NaF from a separate source stock 
standard into a 1000 mL volumetric flask partially filled with water, then fill to volume. 
8. Quality Control Standard:  Pipette 1.0 mL of 1000 mg/L NaF from a separate source stock 
standard into a 1000 mL volumetric flask partially filled with water, then fill to volum 
 
     Calibration Standards—for the SYSTEM2 NITRATE  (Bromide) method are prepared as follows: 
                   1.     Calibration Standard 1:  Pipette 2 mL of 1000 mg/L NaBr stock standard into a 1000 mL   
        volumetric flask partially filled with water, then fill to volume. 
2. Calibration Standard 2:  Pipette 5 mL of 1000 mg/L NaBr stock standard into a 1000 mL 
volumetric flask partially filled with water, then fill to volume. 
3. Calibration Standard 3:  Pipette 10 mL of 1000 mg/L NaBr stock standard into a 1000 mL 
volumetric flask partially filled with water, then fill to volume. 
4. Quality Control Standard:  Pipette 8 mL of 1000 mg/L NaBr stock standard into a 1000 
mL volumetric flask partially filled with water, then fill to volume. 
Outside Source Certified Quality Control Sample—ERA  
 
4.  Procedure 
        A.    Instrument Preparation  
1. Before turning on the Dionex Ion Chromatography System: 
a. Fill the eluent reservoir(s) with fresh eluent.  
b. Make certain the waste reservoir is empty of all waste.   
c. Turn on the helium.  The system pressure should be between 7 - 15psi.  The system 
pressure can be regulated with the knob on the back of the Eluent Organizer.   
d. Connecting a piece of tubing to the gas line going into the eluent bottle and putting 
the tubing into the eluent degasses the eluent reservoir(s).  The gas knob on the 
Eluent Organizer that corresponds to the eluent bottle should be slowly opened until 
a constant bubbling stream can be seen in the eluent bottle. 
e. The eluent should be degassed with helium, for a minimum of 30 minutes, before 
operation of the instrument. 
f. After the eluent has been degassed, remove the tube from the eluent and tightly seal 
the eluent bottle.  The eluent is now ready to introduce into the system. 
2. Whether using the IP25 for Fluorides or the GP50 for everything else, turn off the 
browser, scroll to REMOTE on the screen, select LOCAL and ENTER. 
3. Scroll to mL/min., change to 0 mL/min., and hit ENTER.  If using the IP25 pump, skip 
to step #5. 
4. Hit MENU and select 1, then ENTER.   
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5. Insert syringe into the Priming Block, open the gas valve on the Eluent Organizer, turn 
the valve on the Priming Block counterclockwise, and turn on the pump that corresponds 
with the method to be ran by pushing the OFF/ON button.  
6. If the syringe does not fill freely, assist by gently pulling back on the plunger of the 
syringe.  Make certain that all of the air bubbles are removed from the eluent line to the 
pumps. 
7. Press OFF/ON on the pump to turn it off. 
8. Turn the valve on the Priming Block clockwise, remove the syringe and expel the air 
bubbles from the syringe.   
9. Reinsert the syringe filled with eluent into the Priming Block. 
10. Open the valve on the Pressure Transducer and the valve on the Priming Block with the 
eluent filled syringe still attached.  This is accomplished by turning both 
counterclockwise. 
11. Press PRIME on the pump and push the contents of the syringe into the Priming Block.  
After the eluent has been injected into the Priming Block, press OFF/ON to turn the 
prime pump off and to close the valves on the Pressure Transducer and Priming Block. 
12. Remove the syringe from the Priming Block. 
13. Scroll to the mL/min. on the screen for the pump.  For the GP50, type 2 mL/min., and 
press ENTER.  For the IP25, type 1.2 mL/min., and press ENTER. 
14. Press OFF/ON to turn on the pump at the appropriate rate.  The pressure should soon 
stabilize between both pumpheads after two minutes of pumping time. 
15. If the pressure between pumpheads has a difference >20 psi, then shut down the pump 
and repeat steps 2-14 to remove air bubbles and prime the pumps. 
16. Once the pump has a pumping pressure difference between pumpheads of <20 psi, then 
go to the computer and enter PeakNet. 
17. On the computer, turn on the Chromeleon 6.8 browser, then choose either System 1 
(Fluoride) or System 2 (all other anions including Bromide and TKN). 
18. Go to last run sequence, click to highlight and go to file, click save as.. This will load 
the method of interest and a template for the current sequence run.  
19. The sequence is edited to reflect the method and samples that are to be run.   
a. SYSTEM2 NITRATE for Fluoride 
b. SYSTEM2 NITRATE for Bromides 
c. SYSTEM2 TKN for TKN and Total Nitrogen 
                        Note:  Data is reprocessed in the section of  Chromelon 6.8 called Sequence integration 
                        editor. Only operators with a  minimum of three months experience in Ion 
                       Chromatography should attempt to reprocess  data for this analysis.  Once data is  
                        optimized, then the nitrogen values from nitrate and  nitrite analysis can be subtracted 
                        from this value for the TKN nitrogen value.  If only Total Nitrogen is needed then use 
                        the optimized data value without the correction for nitrite and nitrate nitrogen. 
d. SYSTEM 2 NITRATE  for all other anions,  
20. Observe the reading on the screen of the CD20 Conductivity Detector.  A conductivity 
rate change of <0.03 µS over a 30 second time span is considered stable for analysis. 
21. If using the GP50 pump, it will take about 15-30 minutes for the CD20 system to 
stabilize.  If  using the IP25, it will take between 30 minutes to 2 hours for stabilization. 
22. Once the CD20 is stabilized, the Dionex DX500 Ion Chromatography    
        System is ready to start standardization. 
NOTE:  When using the GP50 Gradient Pump, all due care must be taken before one 
switches from local procedures to remote procedures.  The bottle from which  the eluent 
is being pumped (i.e., A, B, C, or D) must exactly match the bottle specified in the 
method.  If there is a difference, then once the pump control is turned over to remote 
control, irreversible damage and destruction of suppressors, columns, piston seals, and 
check valves on the GP50 Gradient Pump will occur.  NEVER switch from bottle C to A, 
B, or D without flushing the system lines with water to remove all traces of eluent from 
bottle C from the lines. 
                B.    Sample Preparation 
1. If the sample was not filtered in the field, it must be done so now.  Transfer 50 mL of a   
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        well-mixed sample to the filtering apparatus.  Apply the suction and collect the filtrate.  
2. If the conductivity values for the sample are high, dilution will be necessary to properly 
run the sample within the calibration standard range.  Dilutions are made in the Polyvials 
with the plastic Filter Caps.  If the dilutions are > 20X, then volumetric glassware is 
required.  
3.   All dilutions are performed with reagent grade DI water.  Be sure to mix the dilution 
well.   
4.   For Fluorides and Bromides, pipette 5.0 mL of  the filtered samples into the Polyvials. 
For all other anions, including TKN and Total Nitrogen, first pipette 0.05 mL of 100X 
sample spiking eluent into the Polyvials, then pipette 4.95 mL of the filtered samples on 
top of the spiking eluent. 
5.   The Filter Caps are pressed into the Polyvials using the insertion tool.   
6.   Place the Polyvials into the Sample Cassette, which is placed into the Autosampler.   
7.   The white/black dot on the Sample Cassette should be located on right-hand side when 
loaded in the left-hand side of the Automated Sampler for System 2. 
            8.    For every ten samples the following should be included: 
                a.    1 DI water blank 
                b.    1 Duplicate of any one sample 
                         c.    1  Quality Control sample/calibration check 
                C.    Calibration and Sample Analysis 
1. Set up the instrument with proper operating parameters established in the operation 
condition procedure 
2. The instrument must be allowed to become thermally stable before proceeding.  This 
usually takes 1 hour from the point on initial degassing to the stabilization of the baseline 
conductivity. 
3. To run samples on the Dionex Ion Chromatography System: 
a. Make a run schedule on the Chromeleon 6.8 Software Section labeled SEQUENCE.  
b. Double click the mouse on the SYSTEM 1 SEQUENCES or SYSYTEM 2 
SEQUENCES  to display the Scheduler Area. The name of the calibration standards 
       must be entered under the sample name section as Standard #1, Standard #2, and 
       Standard #3.  
Note:  Level must be changed to the corresponding standard level or the calibration 
will be in error.  (Example:  Standard #1 = Level #1; Standard #5 = Level #5) 
c. Next, enter QC, blanks, QC, samples, duplicates, QC, and blanks, in that order. 
d. Under sample type, click on either Calibration Standard or Sample, depending on 
what is being run.   
e. Under the Method section, the method name must be entered.  To do so, double 
click on the highlighted area under Method, scroll through the list of methods and 
double click on the method of interest.   
f. Next under the Data File section, enter the name of the data file.  
g. Finally, in the Dil area, type in the dilution factor if different from 1.  Do this for all 
standards, blanks, quality controls, duplicates, and samples to be run under this 
schedule.   
h. Save the schedule and obtain a printout of it. 
i. Standardize the Dionex Ion Chromatography System by running the standards: 
Standard #1, Standard #2, and Standard #3. 
4. Run the QC standards. 
5. Run the prepblank and DI water blank. 
6. Run the samples, duplicates, and blanks. 
7. Run the QC standards at the end. 
5.  Calculations 
A. Calculations are based upon the ratio of the peak area and concentration of standards 
to the  
        peak area for the unknown.  Peaks at the same or approximately the same retention 
times are  
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        compared.  Once the method has been updated with the current calibration, this is 
calculated   
        automatically by the software using linear regression.  Remember that when 
dilutions are 
        being run, the correct dilution factor must be entered. 
B. Manual calculations are based upon the ratio of the peak and concentration of standards to the 
peak area for the unknown when the software will not automatically calculate the unknown  
concentration.  Peaks at the same or approximately the same retention times are compared.  The 
unknown concentration can be calculated from using this ratio.  Remember that when dilutions 
are being run that the correct dilution factor must be entered before you will get the correct result. 
C. When possible the unknown should be bracketed between two knowns and the 
calculation of   
         the unknown made from both for comparison.  
6.  Quality Control 
                A quality control sample obtained from an outside source must first be used for the 
initial   
                verification of the calibration standards.  A fresh portion of this sample should be 
analyzed   
                every week to monitor stability.  If the results are not within +/- 10 % of the true value 
listed for 
                the control sample, prepare a new calibration standard and recalibrate the instrument.  If 
this does 
                not correct the problem, prepare a new standard and repeat the calibration.  A quality 
control 
                sample should be run at the beginning and end of each sample delivery group (SDG) or 
at the 
                frequency of one per every ten samples.  The QC’s value should fall between ± 10 % of 
its 
                theoretical concentration. 
 
A duplicate should be run for each SDG or at the frequency of one per every twenty samples, 
whichever is greater.  The RPD (Relative Percent Difference) should be less than 10%.  If this 
difference is exceeded, the duplicate must be reanalyzed. 
 
From each pair of duplicate analytes (X1 and X2), calculate their RPD value: 
 
 
       where:  
 (X1 - X2) means the absolute difference between X1 and X2 
7.  Method Performance 
The method detection limit (MDL) should be established by determining seven replicates that are 
2 to 5 times the instrument detection limit.  The MDL is defined as the minimum concentration 
that can be measured and reported with 99% confidence that the analyte concentration is greater 
than zero and is determined from analysis of a sample in a given matrix containing the analyte.  
 
                
                         where: 
       t = the t statistic for n number of replicates used (for n=7, t=3.143) 
      n = number of replicates 
% RPD
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      S = standard deviation of replicates 
8.  Reference 
EPA SW 846-9056, Chapter 5, September 1994 
U.S. EPA Method 300.0, March 1984 
ASTM vol. 11.01 (1996), D 4327, “Standard Test Method for Anions in Water by Chemically    
Suppressed Ion Chromatography”. 
 
Appendix 5.2-D: Field Instrument Calibration Procedures 
 
Turbidity probe calibration 
Acceptable standards for use with the YSI turbidity probe are detailed in Standard 
Methods for the Treatment of Water and Wastewater (Section 2130B).  YSI 6073G is a 
123NTU Formazin standard purchased from Fondriest.  Two point calibration is used in 
which the zero point is Deionized organic free water and the second point is the 123 NTU 
standard. Calibration steps are: 
8. Open up the Ecowatch software to perform the calibration. 
9. Select the 2-point option to calibrate the turbidity probe using only two calibration 
standards (One clear water-0 NTU, One formazin standard 123 NTU). 
10. Immerse the sonde in the 0 NTU standard and press enter. 
11. The screen will display real-time readings that will allow determination of reading 
stabilization. 
12. Pressing enter will confirm the first calibration. 
13. Place the sonde in the second turbidity standard and input the correct turbidity 
value in NTU and press enter. 
14. After the readings have stabilized press enter to confirm the calibration (make sure 
to record the value that the probe stabilized at for both calibration points). 
Conductivity probe calibration 
This procedure calibrates conductivity, specific conductance, salinity, and total 
dissolved solids. Place the correct amount of 10 mS/cm conductivity standard (YSI 3163 
is recommended) into a clean, dry or pre-rinsed calibration cup. 
Before proceeding, ensure that the sensor is as dry as possible. Ideally, rinse the 
conductivity sensor with a small amount of standard that can be discarded. Be certain that 
you avoid cross-contamination of standard solutions with other solutions. Make certain 
that there are no salt deposits around the oxygen and pH/ORP probes, particularly if you 
are employing standards of low conductivity. 
Carefully immerse the probe end of the sonde into the solution. Gently rotate 
and/or move the sonde up and down to remove any bubbles from the conductivity cell. 
The probe must be completely immersed past its vent hole. Using the recommended 
volumes from the table in the previous subsection should insure that the vent hole is 
covered. Allow at least one minute for temperature equilibration before proceeding. 
From the Calibrate menu, select Conductivity to access the Conductivity 
calibration procedure and then 1-SpCond to access the specific conductance calibration 
procedure. Enter the calibration value of the standard you are using (mS/cm at 25 C) and 
press Enter. The current values of all enabled sensors will appear on the screen and will 
change with time as they stabilize. 
Observe the readings under Specific Conductance or Conductivity and when they 
show no significant change for approximately 30 seconds, press Enter. The screen will 
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indicate that the calibration has been accepted and prompt you to press Enter again to 
return to the Calibrate menu. Rinse the sonde in tap or purified water and dry the sonde. 
NOTE: The YSI conductivity system is very linear over its entire 0-100 mS/cm 
range. 
Therefore, it is usually not necessary to use calibration solutions other than the 10 
mS/cm 
reagent recommended above for all environmental applications from low 
conductivity 
freshwater to seawater. YSI does offer the 3161 (1 mS/cm) and 3165 (100 
mS/cm) 
conductivity standards for users who want to assure maximum accuracy at the 
high and 
low ends of the sensor range. Users of the 1 mS/cm standard should be 
particularly 
careful to avoid contamination of the reagent. In fact, because of contamination 
issues, 
YSI does not recommend using standards less than 1 mS/cm. 
NOTE: For calibration of the 600 OMS V2-1conductivity sensor, the optical 
probe must 
be removed and the port plugged. See specific instructions in the application note 
supplied with the 600 OMS V2-1. 
DO probe calibration 
ROX Optical  
Place the sensor either (a) into a calibration cup containing about 1/8 inch of 
water which is vented by loosening the threads or (b) into a container of water which is 
being continuously sparged with an aquarium pump and air stone. Wait approximately 10 
minutes before proceeding to allow the temperature and oxygen pressure to equilibrate. 
Select ODOsat % and then 1-Point to access the DO calibration procedure. 
Calibration of your Optical dissolved oxygen sensor in the DO % procedure also results 
in calibration of the DO mg/L mode and vice versa. Enter the current barometric pressure 
in mm of Hg. (Inches of Hg x 25.4 = mm Hg). 
Note: Laboratory barometer readings are usually “true” (uncorrected) values of air 
pressure and can be used “as is” for oxygen calibration. Weather service readings 
are 
usually not “true”, i.e., they are corrected to sea level, and therefore cannot be 
used until 
they are “uncorrected”. An approximate formula for this “uncorrection” (where 
the BP 
readings MUST be in mm Hg) is: 
True BP = [Corrected BP] – [2.5 * (Local Altitude in ft above sea level/100)] 
Press Enter and the current values of all enabled sensors will appear on the screen 
and change with time as they stabilize. Observe the readings under ODOsat %. When 
they show no significant change for approximately 30 seconds, press Enter. The screen 
will indicate that the calibration has been accepted and prompt you to press Enter again 
to return to the Calibrate menu. Rinse the sonde in water and dry the sonde. 
(From YSI 6-Series Multiparameter Water Quality Sondes User Manual) 
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Appendix 5.2-E: Field Sheets 
 
Nutrient Grab Sample Collection Log  
South Elkhorn Watershed 
 
Location Date Start Time 
End 
Time Volume Conditions Comments Signature 
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Sample Tracking Log 
 
Site Location Date Collected 
Date 
Delivered 
Date 
Analysis 
Performed 
Comments Signature 
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Elkhorn Creek Nutrient Concentration Project 
CHAIN OF CUSTODY RECORD 
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   Database Entry Log 
 
Date Data Type Source Location 
Date 
Filename 
Destination 
Location Verification Signature 
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Date Site ID
□ Data to be Excluded
□ Data is Acceptable
Signature:
Quality Assurance Officer
Impact of Excluding 
Data on other Data 
Collected
Comments
Reasons for 
Proposing Data 
Exclusion
Final Decision:
Data Exclusion Report
Storm Event No. Date and Time Data Collected Type of Data Database Record No.
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Date Site ID
power mechanical electronic other
Date Time
Signature:
Corrective Action/Equipment Failure Log
Equipment Date and Time Maintenance/Failure Occurred 
Nature of Maintenance/Failure (circle) List Specific Part(s) 
Describe 
Maintenance/Failure 
and Reasons for 
Maintenance/Failure
Equipment Resumed 
Operation
Describe Impact of 
Maintenance/Failure 
on Sample Collection
Describe 
Corrective 
Actions
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Date
Signature:
Detailed reasons for 
deviations/potential 
limitations
Explain the Method 
Deviation
Deviation From Method
Method
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□ Graph
□ Table
□ Spreadsheet
□ Other (please specify format)
Data Format:
Requested by:
(Signature)
Request Date:
Date Needed:
Data Request and Transfer Form
Data Requested:
(Please describe the requested and explain why it is being requested)
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Appendix 6.2-A: Additional Spatial Sampling Results 
 
 
Table 6.2-A.1: Sub-Catchment Areas 
 
 
Figure 6.2-A.1: Yearly Nitrate vs. Watershed Size 
 
 
 
 
 
 
 
 
Location Watershed Area (sq.km.)
SPR-2 0.6523
CH-5 9.19377
AG-1 9.13724
LVK-1 2.46542
SNK-1-US 12.0978
SNK-1-DS 13.6019
RS 60.599398
CH-3 11.6683
CH-1 65.146
CH-2 43.3221
LVK-2-DS 35.7831
SPR-1 0.2554
LVK-2-US 35.3566
SNK-2-US 2.06064
SNK-2-DS 2.64623
CH-4 17.6017
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Figure 6.2-A.2a-m: Monthly Nitrate Concentrations vs. Watershed Size 
 
 
Figure 6.2-A-3: Yearly Orthophosphate vs. Watershed Size 
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Figure 6.2-A.4a-m: Monthly Orthophosphate Concentrations vs. Watershed Size 
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Figure 6.2-A.5a-m: Nitrate Concentration vs. Discharge by Location 
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Figure 6.2-A.6a-m: Nitrate Load vs. Discharge by Location 
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Figure 6.2-A.7a-m: Orthophosphate Concentration vs. Discharge by Location 
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Figure 6.2-A.8a-m: Orthophosphate Load vs. Discharge by Location 
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Figure 6.2-A.9a-m: Suspended Solids Concentration vs. Discharge by Location 
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Figure 6.2-A.10a-m: Suspended Solids Load vs. Discharge by Location 
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Figure 6.2-A.11: Yearly Nitrate Concentration/Load vs. Discharge 
 
 
Figure 6.2-A.12: Yearly Orthophosphate Concentration/Load vs. Discharge 
 
 
Figure 6.2-A.13: Yearly Suspended Solids Concentration/Load vs. Discharge 
 
 
Table 6.2-A.2: Land-Use Fractions by Location 
 
Location CH-5 AG-1 LVK-1 SNK-1-US SNK-1-DS RS CH-3 CH-1 CH-2 LVK-2-DS LVK-2-US SNK-2-US SNK-2-DS CH-4
Area (km2) 9.19 9.14 2.47 12.10 13.60 60.60 11.67 65.15 43.32 35.78 35.36 2.06 2.65 17.60
Open Water 0.213 0.214 0.147 0.131 0.404 0.189 0.218 0.165 0.167 0.165 0.025
Developed (Open Space) 7.825 7.80 9.83 12.50 15.03 13.88 14.55 17.39 18.81 21.76 21.92 17.18 16.28 25.91
Developed (Low Intensity) 1.103 1.11 2.43 6.76 8.64 15.54 15.92 19.01 21.54 25.67 25.97 22.99 28.93 37.56
Developed (Medium intensity) 0.319 0.321 2.716 1.68 2.46 9.58 12.70 9.18 8.53 10.17 10.29 29.01 27.81 16.09
Developed (High Intensity) 0.058 0.058 0.071 0.044 0.374 3.71 4.82 2.85 2.44 2.91 2.95 0.379 2.47 5.48
Deciduous Forest 16.57 16.60 11.90 17.30 17.26 0.093 8.26 13.34 13.66 13.50 13.47 4.00 3.59 11.09
Evergreen Forest 0.132 0.118 1.76 0.130 0.249 0.284 0.260 0.263 0.349
Mixed Forest 0.193 0.195 0.140 0.112 0.046 0.046 0.064 0.079 0.095 0.096 0.091
Shrub/Scrub 0.048 0.049 0.088 0.079 0.108 0.025 0.035 0.030 0.030
Herbaceous 0.259 0.031 0.305 0.157 0.110 0.111 0.222
Hay/Pasture 63.37 63.28 59.36 53.17 48.66 44.51 38.75 34.39 31.50 22.25 21.62 20.97 16.28 2.47
Cultivated Crops 10.30 10.36 13.69 8.04 7.13 10.12 4.79 3.01 2.75 3.07 3.11 5.47 4.48 0.703
Developed 9.300 9.300 15.00 21.00 26.50 42.70 48.00 48.40 51.30 60.50 61.10 69.60 75.50 85.00
Undeveloped 90.70 90.70 85.00 79.00 73.50 57.30 52.00 51.60 48.70 39.50 38.90 30.40 24.50 15.00
La
nd
 U
se
 (%
)
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Table 6.2-A.3: Land-Use Pearson Correlation Coefficients 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NO3-N (mg/L) PO4-P (mg/L)
Open Water 0.359343409 0.120637679
Developed (Open Space) -0.697550206 -0.13297137
Developed (Low Intensity) -0.642231016 -0.251111424
Developed (Medium intensity) -0.136787229 -0.273050263
Developed (High Intensity) -0.860780679 0.09757259
Deciduous Forest 0.035607908 0.006077052
Evergreen Forest 0.228665594 0.097936037
Mixed Forest 0.730505166 -0.587032247
Shrub/Scrub 0.610173325 -0.174136527
Herbaceous 0.316143841 0.149937051
Hay/Pasture 0.584800884 0.250879072
Cultivated Crops 0.698384636 0.28344246
Developed -0.584337283 -0.139890117
Undeveloped 0.445453095 0.018467572
Concentration Correlations
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Figure 6.2-A.14a-m: Nitrate Land Use Regressions 
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Figure 6.2-A.15a-l: Orthophosphate Land Use Regressions 
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Figure 6.2-A.16a-m: Monthly Downstream Nitrate Loss in the Mainstem 
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Figure 6.2A.17a-m: Monthly Downstream Orthophosphate Loss in the Mainstem 
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Appendix 6.2-B: Location Data 
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A.1) CH-1  
 
 
CH-1 Cross-Section 
 
 
CH-1 Long Pro 
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CH-1 Watershed Delineation 
 
 
CH-1 Land Use 
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A.2) CH-2 
 
 
CH-2 Cross Section 
 
 
CH-2 Long Pro 
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CH-2 Watershed Delineation 
 
 
CH-2 Land Use 
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A.3) CH-3 
 
 
CH-3 Cross Section 
 
 
CH-3 Long Pro 
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CH-3 Watershed Delineation 
 
 
CH-3 Land Use 
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A.4) CH-4 
 
 
CH-4 Cross Section 
 
 
CH-4 Long Pro 
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CH-4 Watershed Delineation 
 
 
CH-4 Land Use 
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A.5) CH-5 
 
 
CH-5 Cross Section 
 
 
CH-5 Long Pro 
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CH-5 Watershed Delineation 
 
 
CH-5 Land Use 
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A.6) LVK-1 
 
 
LVK-1 Cross Section 
 
 
LVK-1 Long Pro 
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LVK-1 Watershed Delineation 
 
 
LVK-1 Land Use 
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A.7) LVK-2-US 
 
 
LVK-2-US Cross Section 
 
 
LVK-2-US Long Pro 
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A.8) LVK-2-DS 
 
 
LVK-2-DS Cross Section 
 
 
LVK-2-DS Long Pro 
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LVK-2 Watershed Delineation 
 
 
LVK-2 Land Use 
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A.9) SNK-1-US 
 
 
SNK-1-US Cross Section 
 
 
SNK-1-US Long Pro 
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A.10) SNK-1-DS 
 
 
SNK-1-DS Cross Section 
 
 
SNK-1-DS Long Pro 
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SNK-1 Watershed Delineation 
 
 
SNK-1 Land Use 
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A.11) SNK-2-US 
 
 
SNK-2-US Cross Section 
 
 
SNK-2-US Long Pro 
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A.12) SNK-2-DS 
 
 
SNK-2-DS Cross Section 
 
 
SNK-2 Watershed Delineation 
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SNK-2 Land Use 
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A.13) SPR-1  
 
 
SPR-1 Cross Section 
 
 
SPR-1 Long Pro 
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A.14) SPR-2 
 
 
SPR-2 Cross Section 
 
 
SPR-2 Long Pro 
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A.15) AG-1 
 
 
AG-1 Cross Section 
 
 
AG-1 Long Pro 
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AG-1 Watershed Delineation 
 
 
AG-1 Land Use 
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A.16) RS 
 
  
RS Watershed Delineation 
 
 
RS Land Use 
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Appendix 6.2-C: Raw Data Tables 
 
 
 
Date/Time 10/30/2017 15:15 11/27/2017 14:15 12/18/2017 13:15 1/22/2018 15:30 2/16/2018 15:00 3/5/2018 12:30 4/6/2018 12:20 5/4/2018 12:00 5/23/2018 13:35 7/2/2018 13:15 8/1/2018 15:00 9/4/2018 12:15 10/2/2018 12:35
Nitrate (NO3) (mg/L) 12.1 14.4 13.5 14.7 17.7 17.8 15.5 11.1 12.7 11.3 6.42 8.32 15.2
NO3-N (mg/L) 2.735 3.254 3.051 3.322 4 4.023 3.503 2.509 2.87 2.554 1.451 1.88 3.435
5 μm Nitrate (NO3) (mg/L) 14.6 13.5 14.5 17.7 17.8 15.5 11.2 12.8 11.2 6.55 8.35 15.4
5 μm NO3-N (mg/L) 3.3 3.051 3.277 4 4.023 3.503 2.531 2.893 2.531 1.48 1.887 3.48
Ortho-Phosphate (PO4) (mg/L) 0.862 0.776 0.767 0.705 0.929 0.785 0.705 0.432 0.849 1.11 0.797 0.889 0.889
PO4-P (mg/L) 0.281 0.253 0.25 0.23 0.303 0.256 0.23 0.141 0.277 0.362 0.26 0.29 0.29
5 μm Ortho-Phosphate (PO4) (mg/L) 0.794 0.776 0.727 1.064 0.8 0.742 0.438 0.871 1.153 0.797 0.889 0.92
5 μm PO4-P (mg/L) 0.259 0.253 0.237 0.347 0.261 0.242 0.143 0.284 0.376 0.26 0.29 0.3
Water Level (in)
Velocity (meter) 17.5 22.5 13 25.5
Velocity (fps)
Turbidity (ntu) 4.4 3.9 2.7 1.1 26.8 5 5.7
Conductivity (micro-S/cm) 293 480 502 563 344 407 431 540
Temp ( C ) 14.65 17.95 11.83 10.99 13.08 19.93 20.4 20.53
DO 88.5 87.4 98.4 88.1
TSS (mg/L) 2.174 7.441 2.33 0.818 253.862 8.333 16.946 2.727 33.211 24.694 -2.619 2.917 10.316
Ro
ya
l S
pr
in
gs
Date/Time 10/30/2017 14:30 11/27/2017 13:30 12/18/2017 12:35 1/22/2018 14:30 2/16/2018 14:20 3/5/2018 11:45 4/6/2018 11:30 5/4/2018 11:20 5/23/2018 12:25 7/2/2018 12:10 8/1/2018 13:50 9/4/2018 11:35 10/2/2018 11:55
Nitrate (NO3) (mg/L) 11.7 10.8 10.1 11.4 9.94 15.1 12.9 9.57 10.8 8.11 4.7 7.23 13.6
NO3-N (mg/L) 2.644 2.441 2.283 2.576 2.246 3.413 2.915 2.163 2.441 1.833 1.062 1.634 3.074
5 μm Nitrate (NO3) (mg/L) 11.6 10.1 11.4 9.88 15.2 12.9 9.55 10.8 8.04 4.64 7.23 13.5
5 μm NO3-N (mg/L) 2.622 2.283 2.576 2.233 3.435 2.915 2.158 2.441 1.817 1.049 1.634 3.051
Ortho-Phosphate (PO4) (mg/L) 0.84 0.748 0.61 0.613 0.819 0.803 0.708 0.776 0.797 0.757 0.644 0.92 0.92
PO4-P (mg/L) 0.274 0.244 0.199 0.2 0.267 0.262 0.231 0.253 0.26 0.247 0.21 0.3 0.3
5 μm Ortho-Phosphate (PO4) (mg/L) 0.773 0.635 0.638 0.944 0.828 0.733 0.797 0.825 0.779 0.644 0.92 1.104
5 μm PO4-P (mg/L) 0.252 0.207 0.208 0.308 0.27 0.239 0.26 0.269 0.254 0.21 0.3 0.36
Water Level (in) 9.5 20 11.75 17 21 14 21 19 19
Velocity (meter) 73 19 61 70 27 38 65
Velocity (fps) 0.81 2 1.47 1.25 1.82 1.26 1.43 1.8 1.1
Turbidity (ntu) 3.5 13.6 3.2 2.2 12.6 12.8 9.7 25 49.7
Conductivity (micro-S/cm) 440 397 497 628 259 341 475 476 389 344 593 420
Temp ( C ) 10.81 7.81 6.54 9.72 11.06 11.06 19.02 20.28 22.9 21.7 23.87 19.33
DO 101.5 106.6 109.4 119
TSS (mg/L) 2.914 6.314 -0.909 0.622 218.008 4.802 5.726 2.037 10.727 6.939 16.279 3.958 63.579
CH
-1
 (S
E)
Date/Time 10/30/2017 14:00 11/27/2017 13:00 12/18/2017 12:15 1/22/2018 14:15 2/16/2018 14:10 3/5/2018 11:20 4/6/2018 11:10 5/4/2018 11:05 5/23/2018 11:50 7/2/2018 11:45 8/1/2018 13:35 9/4/2018 11:20 10/2/2018 11:40
Nitrate (NO3) (mg/L) 12.1 12.1 10.3 12.1 10 16 13.5 9.76 11.7 9.14 3.21 7.38 14.4
NO3-N (mg/L) 2.735 2.735 2.328 2.735 2.26 3.616 3.051 2.206 2.644 2.066 0.725 1.668 3.254
Ortho-Phosphate (PO4) (mg/L) 0.779 0.711 0.57 0.58 0.714 0.754 0.662 0.724 0.733 0.748 0.521 0.889 0.828
PO4-P (mg/L) 0.254 0.232 0.186 0.189 0.233 0.246 0.216 0.236 0.239 0.244 0.17 0.29 0.27
Water Level (in) 18.78 19.5 16.25 22 44 23 24 21 21 19 24 17 26
Velocity (meter) 36 18 147 35 69 16.5 48.5 27 55 67
Velocity (fps) 0.84 0.32 0.24 0.75 3.73 0.78 1.41 0.48 0.65 0.94 0.32 1.68
Turbidity (ntu) 3.1 3.3 6.7 1.1 3.7 7.7 8 17.8 19.4
Conductivity (micro-S/cm) 431 392 411 622 259 329 466 462 392 205 498 440
Temp ( C ) 10.6 7.12 9.81 9.89 11.06 11.18 18.72 20.83 22.11 21.45 24.07 19.77
DO 96.5 84 89.2 121.4
TSS (mg/L) 4.356 3.265 -1.792 0.202 177.912 3.512 5.833 25.091 8.75 6.667 22.558 3.191 31.667
CH
-2
Date/Time 10/30/2017 13:45 11/27/2017 12:45 12/18/2017 12:05 1/22/2018 14:05 2/16/2018 14:00 3/5/2018 11:10 4/6/2018 11:00 5/4/2018 11:00 5/23/2018 11:40 7/2/2018 11:35 8/1/2018 13:25 9/4/2018 11:10 10/2/2018 11:30
Nitrate (NO3) (mg/L) 11.1 11.7 10.8 11.3 9.7 14.8 11.9 9.83 11.1 9.61 3.22 8.66 6.91
NO3-N (mg/L) 2.509 2.644 2.441 2.554 2.192 3.345 2.689 2.222 2.509 2.172 0.728 1.957 1.562
Ortho-Phosphate (PO4) (mg/L) 1.104 0.969 0.883 0.825 0.951 1.015 0.932 0.895 0.917 0.92 0.644 0.981 0.859
PO4-P (mg/L) 0.36 0.316 0.288 0.269 0.31 0.331 0.304 0.292 0.299 0.3 0.21 0.32 0.28
Water Level (in) 11.5 6.5 6.75 10 39 11 16 7 9.5 10 16 9 25
Velocity (meter) 29 28 55 110 60 77 41.5 50.5 40 93 44.5 94.5
Velocity (fps) 1.05 0.44 1.05 1.54 2.21 1.53 1.74 1.21 1.31 1.3 1.02 2.73
Turbidity (ntu) 15.5 8.1 3.2 3 12.01 21.1 26 45 36.5
Conductivity (micro-S/cm) 490 408 454 738 268 343 474 499 556 285 590 245
Temp ( C ) 12.36 8.8 8.41 10.53 10.78 11.51 17.1 20.81 22.02 21.7 23 20.05
DO 103.3 110.6 109.1 103.4
TSS (mg/L) 1.429 10.204 0.928 2.811 100.943 9.426 8.542 7.037 30.642 16.042 10.75 15.106 52.553
CH
-3
Date/Time 10/30/2017 11:15 11/27/2017 10:50 12/18/2017 10:30 1/22/2018 12:40 2/16/2018 13:40 3/5/2018 9:25 4/6/2018 9:50 5/4/2018 9:45 5/23/2018 10:10 7/2/2018 10:05 8/1/2018 11:55 9/4/2018 9:45 10/2/2018 10:00
Nitrate (NO3) (mg/L) 10.7 9.84 9.01 10.4 6.29 14.8 11.8 8.75 11.5 9 2.81 6.46 9.32
NO3-N (mg/L) 2.418 2.224 2.036 2.35 1.422 3.345 2.667 1.978 2.599 2.034 0.635 1.46 2.106
Ortho-Phosphate (PO4) (mg/L) 0.742 0.699 0.625 0.564 0.564 0.708 0.638 0.638 0.684 0.721 0.491 0.797 0.736
PO4-P (mg/L) 0.242 0.228 0.204 0.184 0.184 0.231 0.208 0.208 0.223 0.235 0.16 0.26 0.24
Water Level (in) 18.5 16.25 16.5 17 37 15 18 10 14 15 14.5 8.5 23
Velocity (meter) 23.2 135 17 31 27 25 75 17 66.5
Velocity (fps) 0.32 0.23 0.14 0.37 3.17 0.45 0.77 0.68 0.48 0.53 0.48 1.41
Turbidity (ntu) 4.2 3.3 3.2 103.2 2.6 2.4 15 27.7
Conductivity (micro-S/cm) 497 423 752 1004 237 419 471 523 495 263 669 312
Temp ( C ) 8.65 12.33 8.42 10.61 11.1 10.6 18.27 18.23 20.54 21.4 22.68 20.26
DO 102.5 88.9 87.1 2.1
TSS (mg/L) -6 7.362 31.843 2.887 139.271 3.397 4.772 2.703 4.909 8.8 6.889 2.708 36.042
CH
-4
Date/Time 10/30/2017 9:00 11/27/2017 8:45 12/18/2017 8:45 1/22/2018 11:00 2/16/2018 10:40 3/5/2018 7:50 4/6/2018 8:30 5/4/2018 8:30 5/23/2018 8:50 7/2/2018 8:40 8/1/2018 10:45 9/4/2018 8:25 10/2/2018 8:35
Nitrate (NO3) (mg/L) 16.3 16.4 14.8 16.1 12.7 16.6 13.3 12.3 14.2 15.7 10.5 9.26 16.1
NO3-N (mg/L) 3.864 3.706 3.345 3.639 2.87 3.752 3.006 2.78 3.209 3.548 2.373 2.093 3.639
Ortho-Phosphate (PO4) (mg/L) 0.724 0.681 0.613 0.684 0.871 0.754 0.714 0.69 0.659 0.754 0.767 0.767 0.828
PO4-P (mg/L) 0.236 0.222 0.2 0.223 0.284 0.246 0.233 0.225 0.215 0.246 0.25 0.25 0.27
Water Level (in) 19.5 14.5 12.75 15.5 28 15 20 13 14 14 13.5 11 18.5
Velocity (meter) 12 12 65 25 35 11.5 19 14.5 17.5 Min 35.5
Velocity (fps) 0.55 0.34 0.24 0.51 1.74 0.84 1.02 0.34 0.54 0.6 Min 0.77
Turbidity (ntu) 6.7 13.9 34.3 28 12.4 22 24.8
Conductivity (micro-S/cm) 329 190 335 321 221 233 306 306 335 358 499 305
Temp ( C ) 5.3 5.6 10.5 11.23 11.5 10.75 16.3 17.05 24 20.37 21.44 17.83
DO 91.6 95.1 86.1 96.9
TSS (mg/L) 4.015 29.295 3.049 11.475 174.038 23.819 14.139 8.036 14.182 8.367 4.222 13.83 22.474
CH
-5
Date/Time 10/30/2017 13:15 11/27/2017 12:20 12/18/2017 11:50 1/22/2018 13:40 2/16/2018 13:40 3/5/2018 10:45 4/6/2018 10:45 5/4/2018 10:35 5/23/2018 11:20 7/2/2018 11:15 8/1/2018 13:05 9/4/2018 10:55 10/2/2018 11:10
Nitrate (NO3) (mg/L) 12.9 15.3 14.7 13.3 9.2 15.8 13.8 12.5 14.8 13.1 5.84 10.4 12.6
NO3-N (mg/L) 2.915 3.458 3.322 3.006 2.079 3.576 3.119 2.825 3.345 2.961 1.32 2.35 2.848
Ortho-Phosphate (PO4) (mg/L) 1.119 1.11 1.046 1.058 1.438 1.263 1.242 1.107 1.134 0.846 0.644 0.951 1.349
PO4-P (mg/L) 0.365 0.362 0.341 0.345 0.469 0.412 0.405 0.361 0.37 0.276 0.21 0.31 0.44
Water Level (in) 2 4.5 2 4 8 4 5 3 5 4 3.5 3 6
Velocity (meter) 29 19.5 125 36 45 23 32 24 25 18.5 80
Velocity (fps) 0.8 0.87 0.48 0.87 2.75 1.07 1.88 0.82 1.19 0.8 0.55 1.96
Turbidity (ntu) 13.6 34.3 99.7 10.3 42.4 32.9 42 27
Conductivity (micro-S/cm) 226 335 379 382 213 199 289 296 354 325 405 271
Temp ( C ) 13.76 13.75 10.69 12.19 11.23 12.88 16.19 18.7 18.48 19 19.8 17.38
DO 95.5 96.3 96.1 96.4
TSS (mg/L) 88.909 5.945 3.647 13.125 342.308 9.691 14.826 7.358 27.593 16.939 26.047 27.527 32.5
LV
K-
1
Date/Time 10/30/2017 12:05 11/27/2017 11:35 12/18/2017 11:05 1/22/2018 13:10 2/16/2018 13:00 3/5/2018 10:05 4/6/2018 10:15 5/4/2018 10:10 5/23/2018 10:50 7/2/2018 10:40 8/1/2018 12:30 9/4/2018 10:15 10/2/2018 10:30
Nitrate (NO3) (mg/L) 12.3 11.9 10.6 13.2 8.33 15.7 13.1 9.83 11.4 10.5 3.17 7.68 9.19
NO3-N (mg/L) 2.78 2.689 2.396 2.983 1.883 3.548 2.961 2.222 2.576 2.373 0.716 1.736 2.077
Ortho-Phosphate (PO4) (mg/L) 0.717 0.668 0.576 0.567 0.638 0.693 0.632 0.708 0.678 0.699 0.491 0.767 0.767
PO4-P (mg/L) 0.234 0.218 0.188 0.185 0.208 0.226 0.206 0.231 0.221 0.228 0.16 0.25 0.25
Water Level (in) 17.25 17 13.75 19 39 22 25 17.5 20 19 22 17 28
Velocity (meter) 36 22 24 200 55 79 20 58.5 55 85 17 109.5
Velocity (fps) 1.06 0.51 0.31 0.85 4.43 1.64 2.5 0.77 1.34 1.54 0.39 2.91
Turbidity (ntu) 4.2 5.3 3.6 2.4 6.6 7.5 14.5 32.3
Conductivity (micro-S/cm) 441 210 510 712 260 344 470 463 435 260 627 386
Temp ( C ) 8.6 8.05 7.5 10.06 11.23 10.5 18.55 18.76 20.54 21.5 23.65 20.12
DO 103.4 93.2 89.5 105.9
TSS (mg/L) -12.364 2.449 1.452 0.208 150.095 8.163 7.724 7.339 6.607 3.673 27.556 2.474 31.25
LV
K-
2-
US
343 
 
 
 
 
 
 
 
 
 
 
 
Date/Time 10/30/2017 12:25 11/27/2017 11:55 12/18/2017 11:20 1/22/2018 13:25 2/16/2018 13:10 3/5/2018 10:25 4/6/2018 10:35 5/4/2018 10:25 5/23/2018 11:00 7/2/2018 10:50 8/1/2018 12:50 9/4/2018 10:30 10/2/2018 10:45
Nitrate (NO3) (mg/L) 12.2 11.4 10 13.1 8.5 15.8 13.2 9.73 11.6 10.6 3.91 7.29 9.06
NO3-N (mg/L) 2.757 2.576 2.26 2.961 1.921 3.571 2.983 2.199 2.622 2.396 0.658 1.648 2.048
Ortho-Phosphate (PO4) (mg/L) 0.714 0.671 0.58 0.555 0.644 0.714 0.635 0.668 0.687 0.708 0.46 0.797 0.859
PO4-P (mg/L) 0.233 0.219 0.189 0.181 0.21 0.233 0.207 0.218 0.224 0.231 0.15 0.26 0.28
Water Level (in) 12 9.25 7.5 11 38 12 18 10 12 14 12 9 25
Velocity (meter) 39 0.2 30 170 47 70 27 39.5 25 92 26.5 90.5
Velocity (fps) 1.15 0.66 0.625 1.1 3.1 1.05 1.94 0.68 1.06 0.83 0.58 2.22
Turbidity (ntu) 13.2 12.1 3 1.9 8.7 67 15.9 29.3
Conductivity (micro-S/cm) 443 422 473 702 258 348 471 472 436 258 629 289
Temp ( C ) 10.07 8.48 7.18 10.19 11.16 10.54 18.27 19.33 22.7 21.65 24.18 20.18
DO 100.7 107.7 103.2 117.5
TSS (mg/L) 1.449 3.469 3.643 -0.402 163.077 10.246 112.727 3.818 8.6 6 6.591 6.804 37.959
LV
K-
2-
DS
Date/Time 10/30/2017 10:35 11/27/2017 10:30 12/18/2017 10:25 1/22/2018 12:30 2/16/2018 12:10 3/5/2018 9:10 4/6/2018 9:35 5/4/2018 9:30 5/23/2018 9:55 7/2/2018 9:50 8/1/2018 11:45 9/4/2018 9:30 10/2/2018 9:45
Nitrate (NO3) (mg/L) 15 14.7 14.8 16.3 11.5 16 13.6 12 14 15.6 7.21 10.1 14.4
NO3-N (mg/L) 3.39 3.322 3.345 3.864 2.599 3.616 3.074 2.72 3.164 3.526 1.629 2.283 3.254
Ortho-Phosphate (PO4) (mg/L) 0.721 0.635 0.558 0.622 0.785 0.733 0.644 0.721 0.671 0.751 0.644 0.797 0.797
PO4-P (mg/L) 0.235 0.207 0.182 0.203 0.256 0.239 0.21 0.235 0.219 0.245 0.21 0.26 0.26
Water Level (in) 18.5 19.5 16.5 19.5 33.5 20 20 15 14 18 15 12 14.5
Velocity (meter) 20 16 9 175 65 122 42 53.5 50 40 7 70.5
Velocity (fps) 0.755 0.37 0.34 0.63 3.75 1.52 1.33 0.86 1.02 0.83 0.27 1.67
Turbidity (ntu) 10.9 14.5 4.9 10.3 10.7 13.5 32.8
Conductivity (micro-S/cm) 369 298 393 385 222 243 362 357 371 352 588 301
Temp ( C ) 8.1 7.66 8.46 10.93 11.09 10.5 14.64 17.28 18.5 20.61 22.3 18.59
DO 92.9 95.8 87.6 104.4
TSS (mg/L) -33.696 8.758 2.158 3.067 244.231 9.072 10.041 17.222 10.09 5.51 8.222 5.161 34.583
SN
K-
1-
US
Date/Time 10/30/2017 11:40 11/27/2017 11:10 12/18/2017 10:45 1/22/2018 12:50 2/16/2018 12:45 3/5/2018 9:45 4/6/2018 10:00 5/4/2018 9:55 5/23/2018 10:35 7/2/2018 10:25 8/1/2018 12:10 9/4/2018 10:00 10/2/2018 10:15
Nitrate (NO3) (mg/L) 15.1 15.2 13.9 16.4 11.8 16.8 13.5 11.9 14.5 15.3 6.72 10.1 13
NO3-N (mg/L) 3.413 3.435 3.141 3.706 2.667 3.797 3.051 2.689 3.277 3.458 1.519 2.283 2.938
Ortho-Phosphate (PO4) (mg/L) 0.742 0.678 0.567 0.625 0.751 0.721 0.653 0.739 0.684 0.736 0.583 0.797 0.828
PO4-P (mg/L) 0.242 0.221 0.185 0.204 0.245 0.235 0.213 0.241 0.223 0.24 0.19 0.26 0.27
Water Level (in) 13 13 8.25 7 21 14 13 11 12 13 11 9 17.5
Velocity (meter) 60 0 15 190 45 88 28 43.5 45 45 21 59
Velocity (fps) 1.01 0.48 0.38 1.18 3.33 1.33 2.11 0.72 1.27 1.27 0.4 1.22
Turbidity (ntu) 5.4 7.3 9.8 4.1 9.9 13.7 18 33.1
Conductivity (micro-S/cm) 272 356 454 432 276 263 371 382 392 334 611 305
Temp ( C ) 8.1 7.47 8.01 10.32 11.14 10.8 17.22 17.5 19.01 21.1 22.83 18.9
DO 95.2 87.4 81.3 99.7
TSS (mg/L) 18.431 4.312 5.273 5.144 305.534 5.726 9.259 11.273 8.214 13.333 10.238 7.629 34.375
SN
K-
1-
DS
Date/Time 10/30/2017 9:50 11/27/2017 9:25 12/18/2017 9:25 1/22/2018 11:30 2/16/2018 11:20 3/5/2018 8:25 4/6/2018 9:00 5/4/2018 8:55 5/23/2018 9:15 7/2/2018 9:10 8/1/2018 11:10 9/4/2018 8:50 10/2/2018 9:05
Nitrate (NO3) (mg/L) 17.9 17.4 17.4 18.2 9.9 19.1 17.6 16.5 17.8 14.9 6.43 12.7 11.7
NO3-N (mg/L) 4.045 3.932 3.932 4.113 2.237 4.317 3.978 3.729 4.023 3.367 1.453 2.87 2.644
Ortho-Phosphate (PO4) (mg/L) 0.785 0.779 0.73 0.711 0.684 0.834 0.862 0.803 0.782 0.822 0.552 0.797 0.705
PO4-P (mg/L) 0.256 0.254 0.238 0.232 0.223 0.272 0.281 0.262 0.255 0.268 0.19 0.26 0.23
Water Level (in) 4 4 4.25 4 12 4 6 3.5 5 4 6 3.5 8
Velocity (meter) 1.5 15 19 66 175 75 39 18.5 25 56 70 16 102.5
Velocity (fps) 1.35 0.88 0.71 1.42 4.1 1.37 1.99 0.82 1.11 1.25 0.58 3.03
Turbidity (ntu) 6.8 6.1 4.7 2.7 9.9 3.6 33.7
Conductivity (micro-S/cm) 480 450 454 657 267 339 409 411 456 361 600 309
Temp ( C ) 13.7 11.65 11.1 12.56 11.88 11.26 15.76 16.43 18.9 20.68 20.91 20.2
DO 103.8 102.1 98.5 95.5
TSS (mg/L) 2.045 7.611 1.431 3.158 46.771 4.167 17.598 2.857 7.103 2.062 6.889 3.333 38.969
SN
K-
2-
US
Date/Time 10/30/2017 10:05 11/27/2017 9:40 12/18/2017 9:40 1/22/2018 11:45 2/16/2018 11:40 3/5/2018 8:40 4/6/2018 9:10 5/4/2018 9:05 5/23/2018 9:25 7/2/2018 9:20 8/1/2018 11:20 9/4/2018 9:00 10/2/2018 9:15
Nitrate (NO3) (mg/L) 15.1 13.4 12.6 13.5 8.85 16.8 14.1 8.73 12.2 13.6 2.47 2.87 10.9
NO3-N (mg/L) 3.413 3.028 2.848 3.051 2 3.797 3.187 1.973 3.757 3.074 0.558 0.649 2.463
Ortho-Phosphate (PO4) (mg/L) 0.622 0.527 0.359 0.429 0.576 0.656 0.767 0.325 0.494 0.414 0.307 0.429 0.675
PO4-P (mg/L) 0.203 0.172 0.117 0.14 0.188 0.214 0.25 0.106 0.161 0.135 0.1 0.14 0.22
Water Level (in) 4.5 5 3 5 11 4 6 4 6 7 8.5 4 9
Velocity (meter) 41 47 34 47 185 68 82 30.5 74 85 11.5 114
Velocity (fps) 2.01 0.87 0.58 0.93 4.42 1.32 1.74 1 1.25 1.56 0.5 2.29
Turbidity (ntu) 5.3 4.4 7.7 7.4 6 3.4 24.2
Conductivity (micro-S/cm) 433 392 460 1389 298 341 452 430 38 369 471 287
Temp ( C ) 10.19 7.45 6.14 7.91 11.63 10.59 19.47 20.3 22.35 22.31 24.51 19.37
DO 84.9 100 94.2 93.8
TSS (mg/L) 8.423 0.209 3.933 5.372 30.077 5.297 5.684 10.857 6.481 0.4 1.304 3.908 31.959
SN
K-
2-
DS
Date/Time 10/30/2017 10:50 11/27/2017 10:15 12/18/2017 10:05 1/22/2018 12:15 2/16/2018 12:00 3/5/2018 9:00 4/6/2018 9:20 5/4/2018 9:20 5/23/2018 9:45 7/2/2018 9:40 8/1/2018 11:35 9/4/2018 9:20 10/2/2018 9:35
Nitrate (NO3) (mg/L) 23 26.4 29.8 25.5 24.2 25.5 23 23.6 21.9 23.4 19.2 20.7 24.7
NO3-N (mg/L) 5.198 5.966 6.735 5.763 5.469 5.763 5.198 5.334 4.949 5.288 4.33 4.678 5.582
Ortho-Phosphate (PO4) (mg/L) 0.886 0.88 0.908 0.822 0.763 0.745 0.684 0.763 0.763 0.859 0.797 0.889 0.797
PO4-P (mg/L) 0.289 0.287 0.296 0.268 0.249 0.243 0.223 0.249 0.249 0.28 0.26 0.29 0.26
Water Level (in) 4.3 4 7 7 15.5 5 6 2 2 3 1 3 6
Velocity (meter) 0 0 0 15 11
Velocity (fps) 0.063 0 0 0.73 0.8
Turbidity (ntu) 5.8 8.3 12.7 25 2.7 28.1
Conductivity (micro-S/cm) 578 559 593 704 480 468 469 486 591 508
Temp ( C ) 13.26 13.67 13.6 13.05 12.65 11.09 14.82 15.83 18.77 17.95
DO 81.7 87.1 96.4 80
TSS (mg/L) 44.991 13.57 21.072 7.708 20.076 2.066 7.906 3.8 14.583 135.111 137.674 2.651 9.535
SP
R-
1
Date/Time 10/30/2017 8:15 11/27/2017 8:15 12/18/2017 8:30 1/22/2018 10:30 2/16/2018 10:10 3/5/2018 7:15 4/6/2018 8:00 5/4/2018 8:10 5/23/2018 8:35 7/2/2018 8:15 8/1/2018 10:25 9/4/2018 8:05 10/2/2018 8:15
Nitrate (NO3) (mg/L) 14.4 14.5 14.5 16.2 13.4 15.8 13.9 12.5 13.3 14.9 10.4 11.9 15.8
NO3-N (mg/L) 3.254 3.277 3.277 3.661 3.028 3.571 3.141 2.825 3.006 3.367 2.35 2.689 3.571
Ortho-Phosphate (PO4) (mg/L) 0.751 0.73 0.708 0.708 0.806 0.733 0.671 0.678 0.641 0.742 0.797 0.828 0.736
PO4-P (mg/L) 0.245 0.238 0.231 0.231 0.263 0.239 0.219 0.221 0.209 0.242 0.26 0.27 0.24
Water Level (in) 4.25 3.25 1.5 4 8 5 8 4.5 5.5 4 3 2 6
Velocity (meter) 55.5 84 34 79 130 121 95 75 46 40.5 90 23.5 93
Velocity (fps) 2.55 1.73 0.53 2.22 4.35 3.03 2.53 1.32 1.27 2.17 0.83 2.91
Turbidity (ntu) 6.2 4.4 157.3 4 7.7 8 3.2
Conductivity (micro-S/cm) 332 334 334 305 227 248 284 276 307 344 492 294
Temp ( C ) 12.64 11.65 11.79 11.22 11.73 12.07 17.45 21.72 16.4 17 18.82 19.37
DO 84.4 82.3 89.2 84
TSS (mg/L) 2.041 0.742 1.72 6.809 168.856 11.411 6.342 13.945 18.165 10.638 79.779 2.826 6.598
SP
R-
2
Date/Time 10/30/2017 9:15 11/27/2017 9:00 12/18/2017 9:00 1/22/2018 11:15 2/16/2018 11:00 3/5/2018 8:00 4/6/2018 8:40 5/4/2018 8:40 5/23/2018 9:00 7/2/2018 8:55 8/1/2018 10:55 9/4/2018 8:35 10/2/2018 8:45
Nitrate (NO3) (mg/L) 15.1 15.5 14.9 15.9 12.8 16 13.9 12.8 14.8 15.8 11.8 10.2 16.2
NO3-N (mg/L) 3.413 3.503 3.367 3.593 2.893 3.616 3.141 2.893 3.345 2.571 2.667 2.305 3.661
Ortho-Phosphate (PO4) (mg/L) 0.724 0.69 0.625 0.671 0.874 0.748 0.717 0.702 0.644 0.779 0.736 0.767 0.828
PO4-P (mg/L) 0.236 0.225 0.204 0.219 0.285 0.244 0.234 0.229 0.21 0.254 0.24 0.25 0.27
Water Level (in) 10.25 6.75 5.25 7 14 7 9 7 7 9 5 4 12
Velocity (meter) 53 55 27 70 125 107 100 57.5 48.5 75 60 22.5 50
Velocity (fps) 1.58 1.19 1.17 1.8 3.26 2.12 2.25 1.64 1.66 2.31 0.981 1.38
Turbidity (ntu) 9.8 9.4 38 11.2 11.7 16.3 23.4
Conductivity (micro-S/cm) 335 310 336 322 219 223 304 303 332 358 495 308
Temp ( C ) 10.62 7.68 8.6 11.1 11.25 10.75 15.57 17.02 16.8 19.6 21.39 17.38
DO 93.2 95.2 95 99.2
TSS (mg/L) -1.113 10.145 2.301 13.32 200.393 17.382 13.306 8.829 10.364 10 15.556 12.128 21.702
AG
-1
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